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ABSTRACT

Galaxy clusters are the largest gravitationally bound systems in the Universe and often host the largest galaxies (known as the brightest cluster
galaxies (BCG)) at its centers. These BCG’s are embedded in hot 1-10 keV
X-ray gas. A subset of galaxy clusters known as cool-core clusters show
sharply peaked X-ray emission and high central densities, demonstrating
cooling of the surrounding halo gas in timescales much shorter than a Hubble time. These observations led to the development of a simple cooling flow
model. In the absence of an external heating process, a cooling flow model
predicts that the hot intracluster medium gas in these dense cores would
hydrostatically cool, generating cooling flows in the center of the cluster.
This cooled gas will eventually collapse to form stars and contribute to the
bulk of galaxy mass. The rates of star formation actually observed in the
clusters however are far less than predicted by the cooling flow model, suggesting a non-gravitational heating source. Active galactic nuclei (AGN),
galaxies hosting a supermassive black hole that ejects outflows via accretion,
is currently the leading heating mechanism (referred to as AGN feedback)
explaining the observed deficit in the star formation rates. AGN feedback
also offers an elegant explanation to the observed black hole and galaxy coevolution. Much of the evidence for AGN feedback has been obtained from
studies focussed on galaxy clusters and luminous massive systems with little
evidence that it occurs in more typical systems in the local universe. Our research investigates this less explored area to address the importance of AGN
heating in the regulation of star formation in typical early type galaxies in
the local universe. We selected a sample of 200+ early type, low redshift
galaxies and carried out a multiple wavelength study using archival observed
in the UV, IR and radio. Our results suggest that early type galaxies in the
i

current epoch are rarely powerful AGN and AGN feedback is constrained to
be low in our sample of low redshift, typical early type galaxies.
Although heating from the AGN is powerful enough to suppress the cooling of the hot gas, it does not completely offset gas cooling at all times and
substantial cooler gas exists in the cores of some galaxy clusters (cool-core
clusters), the gas properties of which are not explained by AGN heating
models alone. The second part of our research focusses on unravelling the
mystery of the unknown heating source regulating star formation in galaxy
clusters. We have obtained deep FUV spectroscopy using the HST cosmic origins spectrograph of two cool-core clusters A2597 and Zw3146. FUV
spectral lines provide the much needed diagnostics capable of discriminating
between various heating models, which was difficult with the standard optical line diagnostics. We investigate several heating/ionization mechanisms
namely stellar photoionization, AGN photoionization, and shock heating.
We use pre-run Mappings III photoionization code results to model the ionizing radiation field. In general, we notice that there is no one single model
that provides a satisfactory explanation for the ionization state of gas. However, we show that stellar and AGN photoionization alone are not enough
to ionize the nebula in A2597 and speculate that, shock heating is the likely
ionizing source.
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CHAPTER

1
INTRODUCTION

The evolution of the universe can be
likened to a display of fireworks that has
just ended: some few red wisps, ashes, and
smoke. Standing on a well-chilled cinder,
we see the fading of the suns and try to
recall the vanished brilliance of the origin
of the worlds.
Lemaître GE, Quoted in Objects of High
Redshift, IAU Symp. 92, 1931

The goal of the dissertation is to extend our understanding of the role of
heating and cooling in the formation of stars in galaxies and galaxy clusters.
We have undertaken this study in two parts. In the first part, we study a
sample of nearby galaxies in multiple wavelengths to understand the effect
of AGN heating on the growth of nearby ellipticals. In the second part we
study cool-core galaxy clusters, where ICM gas is cooling and low level star
formation managed to persist amidst heating of the ICM by the AGN. In
particular we obtained FUV observations of the filamentary region around
the BCGs of two cool-core clusters and investigate the source of UV emission
in these regions.
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1.1

Galaxy Formation and AGN Feedback

The origin and evolution of galaxies is one of the most active research
fields in astronomy. So far, the standard paradigm for galaxy formation
and evolution is modeled by the ΛCDM, which stands for Cold Dark Matter with dark energy field identified by ‘Λ’, the cosmological constant. The
presently accepted theoretical models are based on pioneering studies in the
1970’s Gunn &Gott (1972); Press &Schechter (1974); White &Rees (1978).
According to this model, the universe was initially hot, smooth and homogenous. Inflation expanded the space in the early universe which allowed
for the weak gaussian distributed density fluctuations to be eventually amplified by gravity to transform the otherwise smooth universe into clumpy,
in-homogenous structure we see today. Much of the Universe is filled with
non-baryonic dark matter and the visible matter accounts for only a tiny
fraction of all the mass in the Universe. Predication for dark matter was
first made by Zwicky (1933) who observed large velocity dispersion in the
Coma cluster suggesting missing luminous matter. The possible existence of
dark matter was further strengthened by the observed flat rotation curves
of galaxies (orbital velocity remains constant over large radii) (Rubin et al.,
1978) and gravitational lensing of light (effect associated with the deflection
of light by gravity) by galaxy clusters (see Bartelmann &Schneider (2001)
for a review). The properties of dark matter are ascribed to be • cold - meaning that the matter has non-relativistic velocities,
• non-baryonic - does not contain protons, electrons and neutrons,
• dissipationless - does not radiatively cool,
• collisionless - particles interact with each other only through gravity,
and have no significant self-interactions.
CDM holds the position as the leading theory for the explanation of structure formation in the Universe, although no direct evidence for the existence
of dark matter has been found yet and there are still a number of problems
to be solved for.
In the current accepted CDM structure formation theory, the Universe
evolved in a bottom-up hierarchical scenario. The small over-dense regions
2
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of the early Universe have stronger gravity and are able to overcome the cosmological expansion. These dense regions continue to grow and eventually
gravitationally collapse to produce gravitationally bound dark matter halos
with a density profile that varies approximately as ρ(r) ∝ 1/r2 , the isothermal

density profile (Gunn &Gott, 1972). The dark matter halos merge together
to form larger halos which then serve as sites of galaxy formation.
The hierarchical build-up of structures can be modeled using numerical
simulations. The matter is assumed to be made up of discrete elementary
particles that interact gravitationally. The Millennium run is an N-body
simulation carried out with N = 21603 ∼ 10 billion particles. These are run

in a cubic box of length 500 h–1 Mpc on each side from z = 127 to the present

epoch. The matter distribution in a ΛCDM universe is shown in Figure 1.1.
At a z = 127, initial conditions are created by displacing particles from
their homogenous ’glass-like’ distribution using a Gaussian random field. In
a ’glass-like’ distribution, the force on each particle is close to zero (White,
1994). The simulation is then evolved to the current epoch in individual
and adaptive time steps. Gravitational forces are calculated using tree algorithm. As the simulation evolve, the information about the halos, sub-halos
is stored in merger trees. Each tree contains the complete information of
a halo at z = 0. Within the merger history tree of dark-matter halos and
sub-halos, a semi-analytical model is implemented to track the formation of
stars, galaxies and supermassive black holes. These models are expressed in
the form of differential equations with time and they can describe cooling
of the gas, star formation, galaxy and black hole growth, and feedback processes.
Although CDM theory has enjoyed notable success in explaining the observed large scale structures of the Universe, there are still many more open
questions and controversies which likely are due to the incomplete understanding of galaxy evolution. A few of them are discussed in the following
sections.
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Figure 1.1: The figure shows the dark matter density field distribution at various scales. This is a visualization from the Millennium
simulation run by Springel et al. (2005). The larger scales show homogenous and isotropic distribution. Structures and filaments can be seen in the
subsequent zoomed in images. This figure is reproduced from Springel et al.
(2005), with permission from the Nature Publishing Group.

1.1.1

Galaxy Luminosity Function

The ΛCDM theory makes a prediction about the number density of galaxies. In hierarchical structure formation, the gas condenses into the central
deep potentials of the dark matter halos to form stars. The dark matter
halos grow by merging, which will trigger more star formation and produce
more and more massive galaxies with high rates of star formation. But these
trends totally disagree with the observations of the galaxy Luminosity Func4
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tion (LF) (White &Frenk, 1991; Cole et al., 1994). The LF tells us about
the number density of the galaxies at a given luminosity and is described by
the Schecter Function (Schechter, 1976) which is of the form

φ(L)dL = n*





  
L –α
L
L
exp –
d
.
L*
L*
L*

(1.1)

The equation consists of two parts: One part is governed by the powerlaw and the other by the exponential. At low luminosity, the power-law
dominates which means that there exists a large number density of low luminosity galaxies. The exponential part becomes dominant at high luminosities and the exponential cut-off shows that luminous galaxies are rare. The
luminosity that marks the change from power-law to exponential is called
the ‘break luminosity’ and is indicated in the Equation 1.1 by L* and its
corresponding density by n* . Empirically, L* corresponds to a mass of 1012
M at the present epoch. The shape of the function for low redshift galaxies
is shown in Figure 1.2.
This is a fundamental observation and theories of galaxy formation and
evolution must be able to reproduce it. Recall that the theory of ΛCDM
predicts that structures in the Universe are formed in a hierarchical assembly.
The theoretical results over predicted the distribution of galaxies at the highmass and low-mass ends of the LF in the nearby Universe. It predicted
massive galaxies surrounded by huge gas reservoirs. Over the Hubble time,
the gas should cool, continue to trigger star formation and produce more and
more massive galaxies with high rates of star formation. But observations
clearly show few massive galaxies in the current epoch. Thus, the ΛCDM
simulations over predict the distribution of galaxies at high-mass and lowmass ends of the luminosity function and fails to reproduce the observational
results (White &Rees (1978)).

1.1.2

Co-evolution of galaxy and black hole

Ever since it was discovered that every massive galaxy hosts a supermassive black hole (SBH) at its center, the SBH properties have been considered
to be closely associated with the host galaxy properties. Several correlations
1

MNRAS allows a reuse of figures for academic, non-commercial research, without any
permission.
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Figure 1.2: Galaxy luminosity function in the r -band measured for
low-redshift galaxies (z < 0.1). The galaxies represented with solid symbols were obtained from Galaxy and Mass Assembly (GAMA) survey. The
solid line is the best fitting Schecter function. The figure is reproduced from
Figure 11 in Loveday et al. (2012)1 .
between the mass of the SBH and the host galaxy properties were discovered.
The existence of these scaling relations shows that the growth of the central
SBH and the host galaxy are fundamentally interlinked and have a shared
evolution.
The correlation between the black hole mass MBH and the stellar velocity dispersion of the bulge σ is especially strong (Ferrarese &Merritt, 2000;
Gebhardt et al., 2000; Tremaine et al., 2002). The relationship takes the
form shown in the Equation 1.2 (Gültekin et al., 2009) and is shown in
Figure 1.3.
log(MBH /M ) = (8.12 ± 0.08) + (4.21 ± 0.41)log




σ
200 kms–1

(1.2)

The velocity dispersion is a measure of the distribution of the stellar
velocity and is therefore a direct measure of the galaxy mass. Indeed a relation between the black hole mass and the bulge mass is found by Kormendy
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Figure 1.3: Black hole mass versus bulge velocity dispersion relation.
The solid line is the best fit to this relation and is given by the Equation
1.2. This figure is reproduced from Gültekin et al. (2009) with permission
from IOP Publishing.
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&Richstone (1995) with MBH = 1.4 × 10–3 Mbulge . Other galaxy properties
such as the bluge luminosity (Dressler, 1989; Kormendy &Richstone, 1995;

Magorrian et al., 1998) and galaxy light concentration (Graham et al., 2001)
are also correlated with the black hole mass. But the scatter in these relations is larger than in the M – σ relation. In fact, there is no other single
parameter or combination of parameters of the host galaxy that shows a correlation with the black hole mass with scatter less than that shown with the
bulge velocity dispersion (Gebhardt et al., 2003) (scatter is less than 0.25-0.3
dex (Novak et al., 2006)). The existence of these scaling relations suggest a
paradigm in which the growth of the central SBH and the host galaxy are
fundamentally interlinked and have a shared evolution. Although the nature
of this coevolution is argued to be the result of hierarchical merging models
(Peng, 2007; Jahnke &Macciò, 2011; Graham &Scott, 2013), the energy budget analysis invokes a feedback mechanism that couples black hole growth
with that of the host galaxy which is discussed in the following sections.

1.1.3

ICM heating in cool core galaxy clusters

Galaxy clusters are the largest gravitationally bound systems in the universe and posses the largest dark matter halos. The space between galaxies
in the cluster is filled with hot keV gas that emits in the X-ray due to thermal
bremsstrahlung. It is known as the Intra Cluster Medium (ICM)(Bahcall,
1977; Gursky &Schwartz, 1977). Simple models predict that when the radiative cooling time is shorter than the age of the system, the gas radiates away
its thermal energy to X-ray radiation, cools down and sinks inward into the
center of the cluster. This is known as the ‘cooling flow’(Fabian &Nulsen,
1977; Fabian, 1994). Uninhibited cooling should drive mass deposition rates
of 102 – 103 M yr–1 (Fabian, 1994). X-ray observations indicate the presence
of a cooler component and higher densities in the cores of the cluster, suggesting that the gas is losing its energy and cooling in a time span that is far
less than the Hubble time (Lea et al., 1973; Cowie &Binney, 1977; Fabian
&Nulsen, 1977). However, the observed cooling signatures (such as star formation rate) are typically one to two orders of magnitude smaller than those
calculated from the cooling flow model (O’Dea et al., 1998; Mittaz et al.,
2001; Peterson et al., 2003; Peterson &Fabian, 2006). This discrepancy between the predicted cooling rate and the lack of cooled gas forms the classic
‘cooling flow problem’(Fabian, 1994).
8
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Figure 1.4: Multiwavelength composite image of Perseus cluster,
a canonical example of heating of the ICM by the radio source.
The radio lobes in pink are located where there are cavities in the X-ray
emission in blue. The radio lobes inflated by the jets from the central
AGN appear to excavate cavities by pushing away the X-ray gas. Source:
X-ray: NASA/CXC/IoA/A.Fabian et al.; Radio: NRAO/VLA/G. Taylor;
Optical: NASA/ESA/Hubble Heritage (STScI/AURA) & Univ. of Cambridge/IoA/A. Fabian.

X-ray and radio observations of some of the galaxy clusters signaled a
solution to the cooling flow problem. The observations showed depressions
in the X-ray surface brightness co-spatial with radio lobes from the active
galactic nuclei (see Figure 1.4, also section 1.4.2). This evidence suggested
an external, non-gravitational heating of the ICM via jets from the active
galactic nuclei.
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1.1.4

AGN Feedback

Active galactic nuclei (AGN) offers a promising solution to the observed
deficit of massive bright galaxies and the inadequate cooling in galaxy clusters. The role of the nuclear source in cooling flows was suggested early on
by Rosner &Tucker (1989); Pedlar et al. (1990); Baum &O’Dea (1991). It
also offers a convenient explanation of the observed correlation between the
black hole mass and galaxy properties. In the AGN feedback model, initially, a large amount of gas cools down to the center, causing accretion on
to the central black hole. This triggers AGN activity that emanates radiation and jet outflows, which in turn disturb the accretion and quench the gas
supply. This eventually turns off the AGN activity and the SBH undergoes
a quiescent stage. With no AGN outburst to disturb accretion, the ambient gas cools and sinks to the bottom of the potential well, stimulating yet
again an AGN outburst and starting another AGN cycle (Silk &Rees, 1998a;
King, 2003; Granato et al., 2004; Di Matteo et al., 2005; Springel et al.,
2005; Croton et al., 2006; Hopkins et al., 2008). AGN feedback can thus be
characterized as a self-regulating process much like a thermostat preventing
overcooling of the gas.
It is easy to show that the energy budget during accretion by the black
hole is sufficient to affect its host galaxy properties. The energy released
in the accretion process is given by EBH = ηMBH c2 , where η is the radiative efficiency which is assumed to be 10%, MBH is the mass of the
SBH, and c is the speed of light. Further, the binding energy of the galaxy
bulge is Ebulge ∼ Mbulge σ2 where σ is the velocity dispersion of the bulge.

Using the relation between the black hole mass and the bulge mass i.e.,
MBH = 1.4 × 10–3 Mbulge , we can estimate the ratio of the two energies. This
gives, EBH /Ebulge ∼ 1.4 × 10–4 (c/σ)2 . The velocity dispersion is usually below 400 km s–1 , resulting in the EBH /Ebulge ∼ 100, i.e., the energy released

by the black hole during the accretion process (EBH ) is much greater than
the binding energy of the galaxy (Ebulge ). Thus, even if a fraction of the
energy and momentum were fed back to the host galaxy, the active nucleus
can have a profound impact on the evolution of the galaxy.
AGN feedback operates in two modes: ‘quasar mode’, that occurs at
higher accretion rates, and the ‘radio mode’, that is associated with lower
10
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accretion rates. Both modes are identified with various names in the literature. For instance, the quasar mode is also called as the radiative or wind
mode, while the radio mode is referenced as kinetic or jet mode. While the
quasar mode is responsible for suppressing the star formation and turning
the galaxy into red and dead (hosting long-lived, low-mass stars) in a short
time, the radio mode feedback heats up the surroundings of the galaxy and
regulates its growth with a longer timescale (see e.g. McNamara &Nulsen,
2007; Fabian, 2012, for review).

1.1.5

Quasar Mode

This mode is associated with classical luminous quasars at high redshifts.
Mergers between gas-rich galaxies leave a large reservoir of dust and gas in
the galaxy that gets accreted by the black hole as well as triggering star
formation. As the black hole grows and the accretion rate reaches the Eddington limit (where the radiation pressure balances the gravitational force),
the radiation from the accretion disk drives a wind which expels the cold gas
out from the galaxy, thus stopping gas from accreting onto the black hole
and from triggering star formation. This process of gas expulsion acts on
small scales (within the size of the galaxy) and is considered to be important in regulating star formation at high redshifts (Silk &Rees, 1998b; King,
2003). It also regulates the growth of the black hole and sets up the tight relation between the BH mass and the bulge mass (Silk &Rees, 1998b; Fabian,
1999; King, 2003). In this mode, AGN is powered by radiatively efficient
accretion of cold gas at nearly the Eddington limit. The Eddington limit
is reached when the gravitational force (attractive) is equal to the radiation
pressure (repulsive) on the electrons and protons. The gravitational force on
the electron-proton pair is given by
Fg =

GMBH (mp + me )
,
r2

(1.3)

and the radiation force is given by,
Fr =

LσT
.
4πcr2

(1.4)

where MBH is the SBH mass, σT is the Thomson cross section for electron
scattering. Solving for the Eddington limit, Fg = Fr , gives the luminosity
11
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LEdd , which is the maximum luminosity an object can emit in the state of
hydrostatic equilibrium. The Eddington luminosity is given by,
LEdd =

4πcGMBH mp
σT

(1.5)

Note that the luminosity is independent of distance from the compact object
and depends only on its mass. Expressing the mass in solar masses and the
luminosity in solar luminosity, we get,
LEdd = 3 × 104 (MBH /M ) L .

(1.6)

Photons radiating from the accretion zone carry momentum and exert pressure on the gas. Feedback occurs when this radiation pressure is large enough
to counteract the gravitational collapse of the gas. The gravitational force
on the gas cloud is given via:
GMgal Mgas
r2
GMgal (fMgal )
=
r2

Fg =

(1.7)

where, Mgas is the fraction of galaxy mass that experiences the radiation
pressure. Assuming the galaxy to be an isothermal sphere, with density
varying as 1/r2 , ρ(r) = σ2 /2πGr2 , constant velocity dispersion gives the
mass within a radius r Mgal = 2σ2 r/G. Therefore Equation 1.7 becomes,
fG  σ2 r 2
Fg = 2
G
r

(1.8)

Balancing the outward radiation force to the inward force due to gravity on
the gas cloud gives,
4πGMBH mp
4fσ4
=
σT
G

(1.9)

Notice that, the observed M – σ relation is a natural consequence of the
simple quasar feedback model. This can be interpreted as first case evidence
for AGN feedback. If the radiation from the accretion region exceeds the
gravitational force, it can expel the gas out from the galaxy. This process
manifests itself observationally as ultrafast outflows (Pounds et al., 2003;
12
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Reeves et al., 2003; Arav et al., 2008,?; Moe et al., 2009; Tombesi et al.,
2010; Genzel et al., 2014; Chamberlain &Arav, 2015; Longinotti et al., 2015;
Gofford et al., 2015; King &Pounds, 2015), broad emission line regions and
broad absorption line quasars (de Kool et al., 2001; Gabel et al., 2006; Ganguly et al., 2007), and more moderate velocity outflows (v ∼ 1000 km s–1 )
associated with the narrow-line region (Laor et al., 1997; Crenshaw et al.,

2000). Such high velocities are difficult to produce by stellar winds (typically
few 100 km s–1 ), suggesting nuclear activity as the source of these outflows.

1.1.6

Radio-Mode

The second mode of feedback mainly operates at low redshifts. According
to this mode of feedback, mechanical energy released by an AGN in the form
of jets is responsible for heating and increasing the cooling time at the center
of massive halos. AGNs in this mode are fuelled through radiatively inefficient advection dominated accretion flows (ADAF) (Narayan &Yi, 1995)
that result in low accretion rates of <1% of Eddington rate. This is lower
than the quasar-mode accretion which occurs at rates of 1-10% of Eddington
(Best &Heckman, 2012). Low accretion onto the black hole leads to little
radiated energy but can lead to production of energetic bipolar radio jets.
These powerful jets deposit mechanical energy in the surrounding medium
thereby heating the ambient gas and preventing radiative cooling. This further inhibits star formation and regulates the incessant growth of the galaxy,
thus assuring the elliptical galaxies remain red and dead for the Hubble time
(Bower et al., 2006; Croton et al., 2006). The accretion rate being low in low
luminousity AGNs, this mode is not associated with black hole growth.
Radio galaxies tend to have two modes of accretion (e.g. Baum et al.,
1995; Best &Heckman, 2012). There is a high accretion mode which produces
a bright accretion disk and high ionization emission lines (quasar-mode) and
a low accretion mode which produces a radiatively inefficient accretion structure and low ionization emission lines (radio mode). Most radio galaxies in
the local universe are accreting in the low accretion mode.
Galaxy clusters provide one of the direct pieces of evidence for radiomode feedback (Rosner &Tucker, 1989; Baum &O’Dea, 1991; Allen et al.,
2001; McNamara &Nulsen, 2007). Figure 1.5 shows an image of the Hydra
13
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A cluster, an example of AGN radio feedback. The accreting flow onto the
black hole generates powerful radio jets (shown in pink) which sweep out
cavities into the surrounding X-ray emitting hot ICM (shown in blue).

1.2

Galaxy Clusters

Galaxy clusters are the largest known gravitationally virialized systems
in the Universe comprising of ∼ 80% dark matter, ∼ 100 – 1000 galaxies and

diffuse hot gas. The diffuse hot gas takes up the majority of the baryonic
mass component leaving about 1 – 3% of the total mass in stars. The hot gas
in which the galaxies are embedded is identified as the intracluster medium
(ICM).
Galaxy clusters play an important role in our understanding of the formation and evolution of the Universe. Clusters are theorized to be formed
by the process of hierarchical structure formation predicted by the cold dark
matter cosmology model (Press &Schechter, 1974; Gott &Rees, 1975; White
&Rees, 1978). Small scale density fluctuations in dark matter collapse into
clumps of dark matter halos. Small halos merge with each other into larger
dark matter halos. Since dark matter is dominant compared to the baryonic matter in the Universe, the baryons gravitationally coupled to the dark
matter are dragged along during the halo merger process. The baryonic
matter collapses to form small scale objects like the first stars. These small
units then assemble to form larger objects like galaxies and culminates in the
present day large scale structure, galaxy clusters. The hierarchical evolution
is analogous to the rain drops (small units) falling in a pond which then
merge with the river and eventually flowing into the ocean.
Typical properties of galaxy clusters include:
• They contain 100-1000s of galaxies, hot plasma and dark matter.
• The total gravitational mass is ∼ 1014 – 1015 h–1 M .
• Their sizes are ∼ 2 – 6h–1 Mpc.
• The velocity dispersion of the galaxies in the cluster are ∼ 500 –
1000 km s–1 .

• The hot intracluster gas is at a temperature of 107 – 108 K.
14
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Figure 1.5: Composite color image of Hydra A showing signature
of radio mode feedback. The bright radio jets (in pink) are situated in
the region of low X-ray brightness (shown in blue). The radio jets driven by
the AGN appear to displace the X-ray gas and form cavities. Source: X-ray:
NASA/CXC/U.Waterloo/C.Kirkpatrick et al.; Radio: NSF/NRAO/VLA;
Optical: Canada- France-Hawaii-Telescope/DSS.
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1.3

X-ray hot ICM

The intracluster medium consists of hot (1 – 10 keV), tenuous (10–4 –
10–2 cm–3 ) gas that has completely ionized Hydrogen, Helium and partially
ionized heavier elements. The hot gas emits in the X-rays and the X-ray
luminosities range from 1043 – 1045 erg s–1 . The total mass of the gas in
the ICM ranges from 1013 – 1014 M . The metallicity of the ICM is about
0.2– 0.4 Z . The gas is contained within a radius of 1– 2 Mpc. (Fabian, 1994)
There are two models postulated to explain the origin of the ICM. The
ICM can originate from the infall of left over primordial gas after galaxy
formation (Gunn &Gott, 1972). Alternatively, the gas was either ejected or
stripped from galaxies within the cluster (De Young, 1978; Trentham, 1994).
Yet another model uses a combination of the above two models (Forman
&Jones, 1990).

1.3.1

Physics of the X-ray hot ICM

The ICM is heated to high temperatures by the release of gravitational
energy during cluster formation. This hot gas emits in the X-rays via three
fundamental processes:
1. Thermal Bremsstrahlung free-free radiation: This is caused by the
deflection of an electron as it passes an ion. This is the source of
continuum radiation. The bremsstrahlung emissivity (defined as the
total emission per unit volume per unit time per unit frequency range)
is given by (in CGS units erg s–1 cm–2 Hz–1 )
εffν =

hν
dW
= 6.8 × 10–38 Z2 ne ni T–1/2 e– kT ḡff ,
dVdtdν

(1.10)

where ne is the electron density, ni is the ion density, T is the electron
temperature, k is the Boltzmann’s constant. ḡff is the Gaunt factor,
which corrects for quantum mechanical effects and is of order unity for
hν ∼ kT. The particles are assumed to be in thermal equilibrium and
their velocity distribution follows the Maxwell-Boltzmann distribution.

The spectrum is flat and independent of ν at low frequencies (hν <<
kT) and decays exponentially at higher frequencies (hν >> kT).
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2. Free-bound (recombination) radiation - caused by the capture of an
electron by an ion thereby releasing a photon. This is also a source of
continuum radiation.
3. Bound-bound (de-excitation) radiation - caused when an electron in an
ionized atom decays from higher energy level to a lower energy level. It
does not matter by what processes the electron was excited, whenever
such an excited electron falls back to a lower energy level, it emits a
photon. This results in line radiation. The strength of an emission line
is determined by
Pij = Aij nj

(1.11)

where Aij is spontaneous transition probability (in units of s–1 ), which is the
probability per unit time that a transition occurs, nj is the number density
of ions in the excited state j, and i is the lower energy state. Figure 1.6
shows a typical X-ray spectrum expected from the different processes.

1.3.2

Physical properties of the ICM

Temperature At early epochs during the merger of dark matter halos, the
gravitational potential energy is converted to thermal energy which heats up
the diffuse gas to the virial temperature that ranges from 106 – 108 K. The
virial temperature is given by,
kTvir ∼

GMμmp
≈ μmH σ2
rvir

(1.12)

where M is the total mass of the cluster, mp is the mass of the proton, μ
is the mean molecular weight, k is the Boltzmann constant and rvir is the
virial radius (defined as the radius at which the mass density is 200 times
the critical density, rvir ≈ r200 = r(ρ = 200ρcrit )) (Cole &Lacey, 1996). For
typical cluster masses, the gas gets heated to X-ray emitting temperatures
of Tvir ∼ 106 – 108 K thereby creating a medium of diffuse plasma. The

temperature of the ICM is consistent with the velocities of member galaxies.
This indicates that both galaxies and the hot gas are nearly in equilibrium
within the gravitational potential well.
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Figure 1.6: X-ray spectra for a gas at 107 K and with solar abundance. The continuum emission originating from free-free, recombination
and two-photon radiation is indicated in blue, green, and red respectively.
The composite emission resulting from all these processes and including the
line radiation is shown in black. Free-free radiation is the dominant process
of continuum emission. This figure is reproduced from Boehringer &Werner
(2009), with permission from Dr. Boehringer.
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Density Profile The density of the ICM is of the order of 10–4 – 10–2 cm–3
and shows its radial profile increase from outer to the inner halo. The gas
density profile is commonly described using the β-model introduced by Cavaliere &Fusco-Femiano (1976). It assumes that the gas is in hydrostatic
equilibrium within a potential well described by King profile (King, 1972).
The gas density as a function of the cluster’s projected radius r is given by,

 r 2 –3β/2
ρgas (r) = ρ0 1 +
rc

(1.13)

where, the parameter β = μmp σ2 /kT, is the ratio between the kinetic energy
of the dark matter and thermal energy of the gas, rc is the core radius and
ρ0 is the gas density at the cluster center. The value of these parameters
can be obtained by analysis of the observed X-ray surface brightness profile.
The X-ray surface brightness Σx at projected cluster radius r is given by
Equation 1.14 assuming that the hot gas is isothermal.

 r 2 –3β+1/2
Σx (r) = Σx (0) 1 +
.
rc

(1.14)

Σx (0), rc , β are free parameters in X-ray brightness profile model fitting.
In general, the ICM gas density is well approximated by the β model with
β ≈ 0.6 (Sarazin, 1986)
Mass Profile The gas mass can be obtained by integrating the density
profile defined in Equation 1.13 over the cluster volume within a defined
cluster radius. This gives,
Mgas = 4πρ0

Z

2

r



 r 2 –3β/2
1+
rc

(1.15)

Entropy Study of ICM entropy has been the focus of theoretical (Bower,
1997; Voit et al., 2002) and observational studies (David et al., 1996; Ponman
et al., 1999; Lloyd-Davies et al., 2000; Piffaretti et al., 2005) as it reflects
the thermal history of the cluster. The entropy of ICM is defined using the
adiabatic equation of state P = Kργ where γ = 5/3 for a monoatomic gas.
Setting P = ρkT/μmH and solving for K, the adiabatic constant, we have,
K=

kT
μmH ρ2/3

(1.16)
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In terms of the observables,
K=

TX
2/3
ne

keV cm2

(1.17)

Gas with high entropy "floats" while gas with low entropy "sinks" (Voit,
2005), allowing for the gas to convect until the lowest entropy gas is near the
cluster core and high entropy gas rises to large radii. Entropy thus determines the structure of the ICM and together with the dark matter potential,
it determines the large-scale X-ray properties of the cluster. Any deviations from the expected entropy profile are indicative of additional heating
mechanisms.

1.4

Cooling Flow Model

According to the simple theoretical cooling flow model, the hot X-ray gas
will eventually loose its energy to radiation via Bremsstrahlung or line emission. As the gas cools, it reduces the amount of thermal support provided to
the overlying layers. To maintain pressure support, gas flows in subsonically
to the cluster center as a ‘cooling flow’ (Fabian, 1994, see for review). The
time it takes for the gas to cool, the cooling time (tcool ) is the ratio of the
gas enthalpy per unit volume to the energy lost per unit volume, which is
equal to the square of density times the cooling function. The cooling time
is therefore given by
tcool =

Hv
γ
kT
=
ne nH Λ(T)
γ – 1 μXne Λ(T)

(1.18)

where γ=5/3 is the adiabatic index, μ ≈ 0.6 is the molecular weight, X ≈ 0.71

is the hydrogen mass fraction and Λ(T) is the cooling function. The cooling

function Λ(T) depends on the mechanism of the emission and is represented
as:
Λ(T) = lTα

(1.19)

where –0.6 <. α . 0.55. For thermal bremsstrahlung, l ∼ 2.5 × 10–27

and α = 1/2. The general behaviour of the cooling function is discussed
by (Sutherland &Dopita, 1993). The steady cooling flow is confined within
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the region in which tcool is less than the age of the Universe. This cooling
region is delimited by the cooling radius rcool , which is defined as the radius
at which the cooling time is equal to the age of the Universe (tcool = tage ).
The cooling time of the ICM is anywhere between 107 – 1010 years and is
an important determinant in the process of star formation and emission line
nebulae. The amount of gas that crosses the rcool and flows towards the
center is known as the mass deposition rate Ṁ, and is determined by the
luminosity of the cooling flow Lcool within the cooling radius rcool as shown
in Equation 1.24. The basic assumption here is that the energy in the Xrays comes from the total thermal energy content of the gas and the pdV
work done on the gas as it enters the cooling radius.
Lcool = dE/dt
d
(E + pdV)
dt th
γ
dV
=
p
γ – 1 dt
=

(1.20)
(1.21)
(1.22)
(1.23)

where μ is the mean atomic mass, mp is the mass of a proton, T is the
gas temperature, k is the Boltzmann constant. Additionally, using pressure
p = ρkT/μmp and γ = 5/3, we obtain,
Lcool =

5 Ṁ
kT
2 μmp

(1.24)

Lcool ranges from 1042 to greater than 1044 erg s–1 and generally represents
∼ 10% of the total cluster luminosity (Fabian, 1994). The standard cooling

flow model is shown in Figure 1.7 . The iron L transitions, NeX, and OVIII
are prominent lines in the X-ray spectrum. The Fe L lines span between
10Å and 17Å and arise from a range of temperatures from 0.5-1.5 keV.
These lines are the main spectral indicators that are used to probe cooling
flows in galaxy clusters.
The mass deposition rate can be estimated from Equation 1.24 as,
Ṁ =

2 Lcool μmp
5
kT

(1.25)

The mass deposition rate Ṁ gives an estimation of how much gas is expected
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Figure 1.7: X-ray spectral prediction for the standard cooling flow model. Notice the relatively prominent Fe L transitions and
OVIIILyα which are the diagnostic lines of the cooling flow model. This figure is reproduced from Peterson &Fabian (2006),
with permission from Dr. Peterson.
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to flow into the cluster center. For cooling flows it can be obtained from X-ray
observations of the hot ICM and using Equation 1.25 with Lcool determined
by LX (r < rcool ) which is the X-ray luminosity within the cooling region
and temperature T determined by the X-ray temperature of the intracluster
gas TX . Mass deposition rates can also be estimated using emission from
individual spectral lines using:
Ṁ ∝ LX (r < rcool )εf (T),

(1.26)

where εf (T) is the emissivity fraction attributable to a particular emission
line and LX (r < rcool ) is the X-ray luminosity within the cooling region.
The soft X-ray emission lines such as FeXVII, OVIII, and NeX are useful
lines for evaluating the properties of cooling flows. X-ray images and X-ray
spectra of clusters also show peaked X-ray surface brightness distributions
near the cluster center. Since the X-ray surface brightness is sensitive to
the gas density, X-ray spectra show that the density of the intracluster gas
rises steeply into the center of the cluster. This means that the temperature
decreases into the center assuming that the pressure is roughly constant.
The rate at which the gas cools inferred from these observations range from
10 – 1000 M yr–1 (Fabian, 1994; White et al., 1997). These rates are so large
that if the gas cools it should form more and more stars and galaxies would
be massive.

1.4.1

Problems with the Cooling Flow Model

X-ray observations of the brightest cluster galaxies (BCGs) clearly indicated the existence of short cooling times, high densities and low temperatures in the centers of galaxy clusters, supporting some amount of cooling
and mass depositions in the cluster cores. With the influx of high resolution multiple wavelength data, it was soon noticed that the properties of the
BCG population are not consistent with the cooling flow model predictions.
If cooling flows in the BCGs occur as theorized, one would expect young,
blue stellar populations in the BCGs and clouds of emission line nebulae
around them.
Searches have been made in the radio, infrared, optical, UV, and soft
X-ray wavelengths for the presence of cold gas. The results however revealed
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that the total mass of cooler gas associated with the cooling flows is far
less than expected (Hu et al., 1985; Heckman et al., 1989; McNamara et al.,
1990; O’Dea et al., 1994b,a; Donahue et al., 2000). For example, the optical
properties of the BCGs did not show the existence of young stellar populations as would be expected from a cooling flow (Cowie et al., 1996; Crawford
et al., 1999). Observations of star formation rates and cold gas masses implied rates of 1 – 100 M yr–1 (McNamara, 1997; Edge, 2001) when the X-ray
measurements predicted gas cooling out at rates of 100 – 1000 M yr–1 . This
implies 1 – 2 orders of magnitude smaller star formation efficiencies in the
galaxy clusters compared to the cooling flow model predictions. The high
resolution X-ray spectral observations of the BCGs have shown that the soft
X-ray line FeXVII is very weak or absent (shown in Figure 1.8). This indicates that gas temperatures in the central regions of the cluster are at most
a factor of three below the value at large radii, and the amount of gas cooling
is only about 10% of that predicted by the cooling flow (Peterson et al., 2001;
David et al., 2001; Johnstone et al., 2002). The lack of evidence for central
gas cooling to very low temperatures at the rates predicted by the isobaric
radiative cooling represents an open question referred to as the ‘cooling flow
problem’.

1.4.2

Solutions to the CF Model

Historically, two main solutions were proposed to solve the cooling flow
problem - (a) the gas cools radiatively but somehow cooling signatures below
1-2 keV are suppressed, or (b) the gas is heated by an external heating mechanism which compensates for cooling. The various possibilities considered in
the case of suppression of cooling signatures (X-ray line emission) are based
on multi-phase models • Mixing - The deficit of emission below 1keV can be ascribed to mixing of
hotter gas with the already cooled gas clouds; which can cause the gas
to be undetectable in the soft X-rays. Instead, the final temperature
p
after mixing, (Th Tl ) where Th is the gas at high temperature and Tl
is gas at low temperatures, is detectable in the extreme UV, rather than
in the soft X-rays (Fabian et al., 2001; Oegerle et al., 2001; Peterson
et al., 2001).
• Differential absorption - The presence of absorption screens that oper24
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Figure 1.8: Comparision between the cooling flow model and the
X-ray spectrum of few galaxy clusters. The X-ray data is shown in
blue, empirical best fit model is shown in red, and the standard cooling
flow model is shown in green. Notice the strong discrepancy between the
model and the data, especially the absence of strong emission lines from Fe
XVIII between 10Å and 17Å equivalent to temperature range of 0.7 – 1.2
keV. The data appears to match the model at higher temperatures. This
figure is reproduced from Peterson et al. (2003) with permission from IOP
Publishing.
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ate only on the cooler gas (below 3 keV) can render the soft X-ray gas
undetectable. The column densities required for the absorption are in
the range 1021 – 1022 cm–2 (Fabian et al., 2001; Peterson et al., 2001).
• Inhomogeneous metallicity - A drop in the Fe line detection can arise
if metals in the ICM remains clumped, inhomegeneously distributed
on small, unresolved scales ( 1 kpc) rather than mixing with the
surrounding gas. High metallicity gas clumps radiatively cool on a
relatively short timescales compared with metal-poor gas at all temperatures, giving much weaker overall iron emission (Fabian et al.,
2001; Morris &Fabian, 2003).
A fully successful model that explains the observations on the grounds of gas
cooling without any spectroscopic signatures is still lacking. The failure of
these multi-phase models revived the idea of heating mechanisms that can
compensate cooling.
The leading candidate is heating by an AGN (see reviews by Fabian
(2012); McNamara &Nulsen (2012)). The mechanical energy output from
an AGN is sufficient to offset cooling on large scales and thus prevent runaway cooling in galaxy clusters. The AGN feedback model was initially
suggested by Rosner &Tucker (1989); Baum &O’Dea (1991) and is further
supported by observations of kpc X-ray cavities that are spatially coincident
with regions of synchrotron AGN outflows (McNamara et al., 2000; Blanton
et al., 2001; Nulsen et al., 2005; Forman et al., 2007b; Bîrzan et al., 2004)
and is also backed up by numerical simulations (Churazov et al. (2001), see
reviews of McNamara &Nulsen (2007); Fabian (2012)). It became clear that
the central radio sources have a profound and persistent impact on the ICM.
X-ray images of BCGs showed that the ICM gas in many clusters is not uniformly distributed. Instead it comprises cavities, distributed structures like
shocks, ripples, and density discontinuities. A comparision of X-ray images
with radio images obtained at similar angular resolution revealed that the
radio lobes are co-spatially located with the cavities, and AGN jets are the
cause of many of the observed disturbances.
Putting together all these pieces, the emerging picture for AGN heating
is as follows. Jets from the AGN extend outward in a bipolar outflow and
26

Introduction

inflate lobes of radio emitting plasma. These lobes push away the X-ray
emitting gas in the ICM, thus excavating depressions in the ICM which
are detected as apparent cavities in the X-ray images. These brightness
depressions observed in the X-rays are ∼ 20 – 40% below the brightness level

of the surrounding gas. The cavities are surrounded by bright rims typically
found to be cooler than the ambient medium (Fabian et al., 2000; McNamara
et al., 2000; Blanton et al., 2001). These bright rims are likely due to the
compression of the central gas during the rising and expansion of the cavity
into the surrounding region. These buoyantly rising bubbles entrain colder
gas phases and can lower the total mass inflow rate. Over the cluster lifetime,
enthalpy dissipation associated with the cavity inflation is enough to counter
the radiative losses in the ICM (Bîrzan et al., 2004; Rafferty et al., 2006,
e.g.). Figure 1.4 shows the image of the famous Perseus cluster, a canonical
example of AGN heating.

1.4.3

Residual Cooling

Although heating from the AGN is powerful enough to suppress the cooling of the gas, substantial cooler gas and dust components exist in the cores
of some galaxy clusters (O’Dea et al., 2008). Extended 104 K emission line
nebulae are found surrounding some BCGs (Heckman et al., 1989; Crawford
et al., 1999; Jaffe et al., 2005). Galaxy clusters that show shorter cooling
times and cooler components in their cores are referred to as cool core galaxy
clusters. The detailed characteristics of the cool core clusters could not be
matched with any of the heating sources. Whatever the heating mechanism
is, the cooling region extends over hundreds of kpc across the cluster core,
and heating is unlikely to balance cooling over such a large region. Some
residual cooling occurs and presumably corresponds to the emission line nebulae and young stellar clusters surrounding the cluster cores (Rafferty et al.,
2006; O’Dea et al., 2008).

1.5

Cool-core BCG Emission Line Nebulae

Although AGN heating is found to counteract cooling of the hot (> 107
keV) intracluster gas in galaxy clusters, the balance is not perfect. Residual
cooling and low level star formation is observed in cool-core clusters. The
cooling time of the gas in the cores of these clusters is shorter than the age of
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the cluster resulting in small levels of gas cooling to the cluster center. The
BCGs in these cool-core galaxies often are surrounded by a web of bright,
extended, filamentary, Hα optical emission line nebulae (Lynds, 1970; Kent
&Sargent, 1979; Heckman, 1981; Johnstone et al., 1987; Baum et al., 1992;
Crawford &Fabian, 1992; Edwards et al., 2007). While these nebulae are
an insignificant component of the ICM (their gas mass is 1/10, 000th of the
mass of the X-ray gas and their luminosity is ∼1% of the luminosity of the

X-ray component, observationally they are a very important component).
Luminous emission line nebulae tend to be present in galaxy clusters that
have luminous X-ray cores with high central cooling rates (Edge, 2001) and
are generally associated with higher rates of star formation (Crawford et al.,
1999; O’Dea et al., 2008). This suggests a direct link between the cooling
of the ICM gas and the presence of emission line nebulae in the cool-core
clusters(Edwards et al., 2007). The emission line spectra of the nebula feature strong low ionization emission lines and are very similar to low-level
LINER activity commonly found in normal early type galaxies (Crawford
et al., 1999). The line widths of these spectra indicate gas motions of up to
a few 100 kms–1 (Heckman et al., 1989).

1.5.1

Properties of emission line nebulae

Morphology
Emission line nebulae have elongated, filamentary and clumpy structures
that extend up to several kpc in length. Figure 1.9 shows an example of an
emission line nebula in the optical with Hα filaments around the central BCG.
The filaments are quite long, extending over several tens of arcseconds while
their apparent width varies from less than 1 to a few arcseconds. The line
emission is distributed asymmetrically around the BCG and varies widely
from system to system. There is no significant apparent offset between the
continuum emission of the BCG and the peak of Hα (Hamer et al., 2016),
although a few show significant offset between the peak of Hα line emission
and the center of the BCG (Hamer et al., 2012).
Density
The density of the emission line gas is high at ∼ 100 cm–3 (Heckman

et al., 1989; Hamer et al., 2016) as opposed to the density of the hot X-ray
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emission are interpreted as relic features where the thermal
gas has been evacuated by radio emitting bubbles produced
by the powerful AGN (e.g. Heinz, Reynolds & Begelman

Introduction

gas which is ∼ 0.1 cm–3 . The density of the nebulae can be estimated from

the ideal gas law assuming that the emission line gas is in pressure equilibrium with the hot X-ray emitting gas, and using the temperature and density
of the X-ray gas as 107 K and 0.1 cm–3 respectively. Alternatively, the den-

sity of the emission line gas can be estimated using the relative intensities
of two lines of the same ion emitted at different levels which have nearly the
same excitation energy. For example [SII] doublet has two lines emitted at
wavelengths 6717Å and 6731Å. Since both the lines have very similar excitation energy, their relative excitation rates are independent of variations in
the electron temperature and the ratio of the two line intensities dependent
only on the electron density of the gas (Osterbrock, 1989). This method is
applicable in the regime between the low density limit (ne ∼ 80 cm–3 ) and
high density limit (ne ∼ 104 cm–3 ). The electron densities can then be converted to gas densities using correction factors, which reflect the ionization
state of the gas.
Kinematics
The emission line nebulae exhibit large line widths of ∼ 500– 1000 km s–1

FWHM in the inner regions, comparable to the velocity dispersion of the central regions of clusters. The line widths of the gas beyond the central region
decreases to 50 – 200 km s–1 (thermal broadening of hydrogen gas expected
at 104 K is ∼ 10 km s–1 ). This is indicative of turbulent nature in the ICM of
cool core clusters surrounded by the emission line nebulae (Heckman et al.,
1989; Baum et al., 1990; Hatch et al., 2007). A measure of the ratio of average velocity dispersion to the rotational velocity of the gas is greater than
unity in cool core clusters while it is less than unity in non-cool core clusters (Baum, 1992), further suggesting that the gas clouds are predominantly
turbulent.
The line-of-sight velocity fields in systems with extended, narrow filamentary emission, are relatively smooth (shallow velocity gradients) while
strongly varying velocity fields with rotation signatures are observed in compact filamentary systems (Baum et al., 1992; McDonald et al., 2012).
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Optical line ratios
The optical spectra exhibits lines of high ionization species such as [OIII]
5007Å, [NeV] 3426Å. Based on the optical line ratios of forbidden to Balmer
lines, Heckman et al. (1989) classified nebulae into two spectral types. In
Class I type, the [NII]/Hα and [SII]/Hα is relatively strong but with relatively
weak [OI]/Hα while in Class II type, these ratios are the opposite.

1.6

A review of previous studies

1.6.1

AGN feedback

After it had been suggested that AGN power can replenish radiative
losses from the ICM in radio-loud BCGs (Rosner &Tucker, 1989; Baum
&O’Dea, 1991; Best et al., 2006; McNamara &Nulsen, 2007), the importance
of AGN feedback began to emerge. Much of the evidence for AGN feedback
has been gathered in the form of X-ray cavities in the cluster halo that lie in
spatial correlation with radio jets from AGN. Bîrzan et al. (2004) studied a
sample of 16 X-ray bright galaxy clusters and one group and one individual
galaxy that have noticeable cavities in the halo associated with their radio
source. Rafferty et al. (2006) studied 33 galaxies at the centers of cool cores,
while Dunn et al. (2010) studied a sample consisting of 18 nearby massive,
X-ray bright early type galaxies. Several different studies focussed only on
rare energetic events (Nulsen et al., 2005; Forman et al., 2007b; Tremblay
et al., 2012a). To obtain constraints on the balance between heating and
cooling and improve our understanding of the role played by feedback in the
evolution, it is important to look at feedback in galaxies with a full range
of galaxy mass and environment. Such investigations have been undertaken
only recently. Giacintucci et al. (2011) selected a compilation of 18 nearby
(z < 0.05) elliptical dominated galaxy groups based on the presence of signatures that indicate interaction between the AGN and surrounding IGM.
(Dong et al., 2010; Gaspari et al., 2011; Randall et al., 2011). Thus far,
observational evidence for galaxy scale radio-mode feedback is limited to the
luminous massive systems with little evidence that it occurs in more typical
systems.
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1.6.2

Ionization of emission line nebulae

BCGs in cool cores often harbor filamentary 104 K emission line nebulae.
These nebulae provide diagnostics on the physical conditions and astrophysical processes on the scale of the BCG. The temperature and ionization states
of these nebulae however, are inconsistent with the purely radiative classical cooling flow (Voit &Donahue, 1997, for e.g.). Several models have been
proposed to recover the observed temperature and line ratios.
• Heat Conduction: A thermal conductive interface between the hot
107 K ICM and cool 104 K filaments was proposed by Sparks et al.
(1989). According to this model, in a situation where a hot region lies
adjacent to a cold region, hot electrons can penetrate into the cold
filaments resulting in thermal conduction. The ionized emission could
then result from the cold material that gets excited by the hot electrons.
The CIV λ1549 and HeII λ1604 lines can form from electron collisional
ionization and can trace a 105 K thermal conductive interface. These
lines have been detected in M87, a cool core BCG (Sparks et al., 2012).
It is important to follow up this result in other cool core BCGs to get
constraints on this model.
• Shocks: Shocks can be driven by several mechanisms such as jets from
an AGN, the in-falling halo gas, or supernova winds. AGN jets can
drive shocks by inflating lobes of radio emitting plasma into the surrounding medium (Forman et al., 2007a). In the case of in-falling halo
gas, supersonically accreting gas in clusters with shorter cooling time
forms accretion shocks (Rees &Ostriker, 1977; White &Frenk, 1991;
Benson &Bower, 2011). The effect of these shocks in cool core BCG
filaments thus far remains unsolved. Strong cooling flow starburst systems such as Zw3146 produce bright rotational lines stemming from
massive repository of warm, vibrationally excited molecular hydrogen, favoring ionization due to shocks. But other studies have used
[OIII]/Hβ and H2 /Hα line ratios to apparently rule out shocks (Voit
&Donahue, 1997; Donahue et al., 2000). Yet another hybrid model
is suggested comprising of photoionization by young stars and slow
shocks that sufficiently explained the kinematics and line ratios in the
filaments of a sample of cool core clusters (McDonald et al., 2012).
More investigations into shock models are still needed.
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• Cosmic Ray Heating: Loewenstein et al. (1991) studied the propagation of Cosmic Rays (CR) into the ICM and suggested that CRs can
heat the gas at small galactic radii whereas gas at larger radii is heated
by thermal conduction. However, several recent works have presented
strong arguments and evidence in support of CR heating model (Ferland et al., 2009) in which the CRs heat and ionize the gas and produce
low-ionization emission (Mittal et al., 2011; Donahue et al., 2011).
• Photoionization by the cooling intracluster gas: As the X-ray hot ICM
gas cools through 107 K, it will emit soft radiation in the EUV and
in the soft X-rays. This radiation has the potential to photoionize
the cooler 104 K gas filaments and emit emission lines in the UV,
optical and IR (Voit &Donahue, 1990; Donahue &Voit, 1991; Voit et al.,
1994). The spectral shape of the incident ionizing radiation is that of
an ionized plasma cooling from temperature of 107 K to 104 K.

1.7

Goals of the Thesis

So far, we have provided a summary of the background information relevant for the issues that will be addressed in this thesis. We now believe
that, AGN feeback is a crucial ingredient in the hierarchical CDM simulations to not only understand cooling core clusters but also to understand
the evolution of structure in the universe. While there is significant observational evidence for AGN feedback (Rosner &Tucker, 1989; Allen et al., 2001;
Crenshaw et al., 2003; McNamara &Nulsen, 2007; Alexander et al., 2010;
McNamara &Nulsen, 2012; Morganti et al., 2013), the exact feedback and
heat transport mechanisms are still unclear. There is still much work to be
done to understand exactly how, when and where AGN feedback is important. Evidence for AGN feedback is obtained in the studies of large groups,
clusters, galaxies at higher redshifts and in AGN host galaxies (Bîrzan et al.,
2004; Rafferty et al., 2006; Dunn et al., 2010). Few, if any, studies (e.g.,
Schawinski et al., 2007) have been made to understand how common AGN
feedback is in the local universe and how it affects star formation in smaller
systems. The focus of this work is to follow up on our understanding of
the role played by AGN feedback in galaxy growth. Such a study is important because the relationship between AGN and ICM/ISM can significantly
change depending on the environment and mass of the system. Our study is
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aimed to address the relation between AGN activity and star formation in
typical early type galaxies in the local universe. Such research will complement the earlier studies on large and massive systems and helps in obtaining
observational constraints on AGN feedback.
To address this issue, we collected a magnitude-limited sample of low
redshift, isolated early type galaxies and performed a multiple wavelength
study on this sample using archival data. The radio data collected at 1.4
GHz is used to study the properties of the AGN, while Mid-IR and UV photometric data is used to study the properties of star formation in this sample.
Although AGN feedback is no doubt an important mechanism involved in
regulating cooling of the gas from the ICM, it does not completely offset radiative losses and apparently permits residual cooling at lower rates (O’Dea
et al., 2008). BCGs are observed to have 104 K emission line nebulae, the
electron temperatures and ionization states of which are not explained by
AGN heating models. Significant additional ionization mechanisms are necessary to explain the observed properties of these nebulae which are high
redshift analogs to the gas cooling from the halo. Currently, there is an
ongoing debate on the relative role played by different heating models. Our
study would establish stringent upper limits on the various mechanisms by
which the cool core BCG filaments are excited, thus constraining the various
heating mechanisms which have been a major roadblock to a better understanding of the process of gas cooling to form star forming clouds.
Deep far-UV spectroscopic observations using the Hubble Space Telescope (HST) are used to investigate the mystery of filamentary emission
line nebulae in the cool-core BCGs. Two well-known cool-core BCGs (Abell
2597 and Zw3146) that have rich archival data from radio through X-ray are
chosen for this study. The Far-UV data harbors some of the most robust
spectral diagnostics that are capable of discriminating among various heating models. The UV emission lines stemming from the observed spectrum
together with archival optical data are used to obtain diagnostic line ratios,
that can be used to differentiate between the heating models.
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1.8

Road Map

Chapter 2 introduces the sample of nearby early type galaxies that has
been used for the study of the relation between AGN activity and star formation. This is a magnitude limited sample of nearby early type galaxies with
an apparent Ks -band magnitude brighter than 13.5 and has observations in
the Chandra X-ray archive. The sample consists of 231 galaxies that are
within a redshift of 0.03. Collection of photometric data at multiple wavelengths and flux measurements using aperture photometry is also explained.
Chapter 3 discusses the photometric properties of the sample in the radio, MIR, and FUV. Methods for estimating galaxy properties such as its
mass and star formation rate are described. The FUV flux is used to estimate the star formation rate of the galaxies in the sample.
Chapter 4 presents the results and summarizes them. We compare the
sample properties at different wavelengths and analyse them to comment on
the relation between the AGN activity and star formation. Radio power is
used as a proxy for the AGN activity and the FUV+MIR data is used to
study the star formation of the galaxy sample. We notice that both the star
formation and AGN activity is constrained to be low in the isolated early
type galaxies in the nearby Universe. The results in connection to large scale
brightest cluster galaxies are also discussed.
In Chapter 5 we present Hubble Space Telescope far-UV spectroscopy
of two cool-core BCGs Abell 2597 and Zw3146. We describe emission line
profile fitting and measure the emission line fluxes for the detected lines. We
set upper limits on the more elusive spectral lines. This data allows us to
determine the processes ionizing the filaments in these two objects.
Chapter 6 gives an overview of the leading mechanisms that could possibly be ionizing the gas in the filaments and discuss the UV diagnostic line
diagrams obtained from the modeling of these mechanisms. We then compare the theoretical line ratios with the line ratios observed for the chosen
galaxy clusters. The data makes it possible to confirm or at least set constraints on the ionization sources. At the end, we discuss and summarize the
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results obtained from the diagnostic line diagrams.
In Chapter 7 we summarize the thesis work with comments on the direction for future work.
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CHAPTER

2
SAMPLE AND DATA ANALYSIS

2.1

Sample

To study the AGN activity and its effect on star formation in galaxies
in the local universe, we focused on a sample of early type (ellipticals and
S0) galaxies that are present at low redshift. The sample was selected from
the Two Micron All Sky Survey((2MASS ; Jarrett et al., 2003) that have an
apparent Ks band (2.2 μm) magnitude of 13.5 and brighter and whose positions correlate with the Chandra archive of ACIS-I and ACIS-S observations
(C. Jones, private communication). A total of 231 galaxies were identified.
X-ray emission is detected for approximately 80% of the galaxies. The X-ray
luminosities of the nuclei range from 1038 to 1041 erg s–1 . The Eddington
ratios are measured to be small ∼ 10–5 to 10–9 suggesting that these galaxies
are low-luminosity AGNs (Jones et al., 2013). The data are homogeneous
and since the sample is not selected based on specific properties in radio or
UV, the data can be considered to be unbiased regarding their star formation and radio source properties. Our large dataset at low redshift allows us
to study the interplay between star formation and AGN activity in typical
galaxies in the current epoch.
Figure 2.1 shows the redshift distribution of the sample. All the galaxies are nearby galaxies. The redshift range of the galaxies in the sample is
0.0002 < z < 0.0358 with a median of z = 0.006, of which, 63% are at a
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Figure 2.1: Figure shows the histogram of redshift for the sample.
A majority of the galaxies are at low redshift. Redshift of 0.01 corresponds
to a distance of 42 Mpc.
redshift of less than 0.01. Adopting a Hubble constant of 71 km s–1 Mpc–1
(Jarosik et al., 2011), z = 0.01 corresponds to a distance of 42 Mpc 1 and 1.00
correspond to a scale of 210 pc.

2.2

The Data

We examine observations in multiple wavelengths for this study namely,
radio, IR and UV. Infrared observations were collected from Wide-field Infrared Survey Explorer WISE (Wright et al., 2010) and 2MASS (Jarrett et al.,
2003). We use the Ks band to trace the stellar mass distribution; WISE and
GALEX data to study star formation and radio data at 1.4 GHz to study
AGN properties. Basic and observational properties for a subset of the sample are given in Table 2.1.
1

At low redshifts, z = v/c and v = Ho D
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2.2.1

IR data

The Two Micron All Sky Survey (2MASS ) was conducted in the nearinfrared J(1.25 μm), H(1.65 μm) and Ks (2.16 μm) wavebands using two 1.3
m diameter telescopes with a resolution of ∼ 200 – 300 . The detectors are
sensitive to point sources brighter than 1 mJy at the 10σ level. The astrometric accuracy is on order of 100 mas. The camera contains three NICMOS
256×256 HgCdTe arrays. The WISE mission observed the entire sky at four
infrared wavebands - W1 at 3.4 μm, W2 at 4.6 μm, W3 at 12 μm, and W4 at
22 μm with an angular resolution of 6.100 , 6.400 , 6.500 and 12.000 respectively.
The field of view (FOV) is 470 . The short wavelength detectors are HgCdTe
arrays whereas long wavelength detectors are SiAs BIB arrays. The arrays
are 1024×1024 pixels in size. WISE has 5σ point source sensitivity higher
than 0.08, 0.11, 1 and 6 mJy at 3.4, 4.6,12 and 22 μm wavelengths respectively.
Rather than use the existing cataloged values, we chose to perform photometry on 2MASS Ks band images and WISE band images for the following
reasons:
1. Underestimation of the WISE flux: The extended source photometry for WISE is based on the 2MASS aperture. Since WISE is most
sensitive to galaxies in W1 and W2 bands, the size of the extended
emission in these bands is much larger than the 2MASS aperture. The
2MASS aperture is too small by 10-20% for resolved sources, thus resulting in an underestimate of the total flux by about 30-40% (Cutri
et al., 2012).
2. Contamination of the flux from nearby sources: In galaxies that have
close companions, such as stars or other galaxies, there is an over
estimation of the total flux since no masking was employed to remove
the flux from unwanted sources.
Details of the aperture photometry are explained in 2.3.
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2.2.2

Radio data

Radio data for our sample are drawn from several resources. These include NRAO VLA Sky Survey (NVSS; (Condon et al., 1998))2 , Faint Images
of the Radio Sky at Twenty-Centimeters (FIRST; (Becker et al., 1995))3 and
Sydney University Molonglo Sky Survey (SUMSS; (Mauch et al., 2003))4 .
We retrieved the total flux density for the galaxies in the sample.
NVSS is a radio continuum survey conducted using the Very Large Array (VLA) at 1.4 GHz and covers the entire sky north of –40◦ declination.
The array was used in D (with baseline of 1 km) and DnC 5 configuration s
yielding an angular resolution of 4500 . The catalog has a 3σ detection limit of
S ∼ 1.35 mJy with typical RMS of 0.45 mJy/beam. The VLA FIRST survey
was conducted over 10,000 square degrees of the North and South Galactic
Caps. The array was used in B-configuration with frequency centered at
1365 and 1435 MHz which gives a resolution of 500 . The 5σ sensitivity of
the survey is ∼ 1 mJy. The typical rms is 0.2 mJy. If NVSS images are
unavailable, FIRST images were used. We estimated the total flux density
using the TVWIN+IMSTAT tasks in AIPS.
For sources that lie in the southern hemisphere of the sky, data from
SUMSS is used. SUMSS is a survey carried out at 843 MHz with the Molonglo Observatory Synthesis Telescope (MOST). The survey covers 8000 square
degrees from –30 degrees declination southwards. The RMS noise level is ∼

1 mJy/beam with a detection limit of 5 mJy. The SUMSS resolution of 4300

matches the NVSS resolution and thus, SUMSS and NVSS together provide
a complete survey of the radio sky at comparable resolutions. To match
the 843 MHz flux density to 1.4 GHz flux density, we use a simple linear
extrapolation using the relation S = So ν–α with a power law index of 0.83
(Mauch et al., 2003). Hence we use the following relation to estimate the
2

http://www.cv.nrao.edu/nvss/NVSSlist.shtml
http://sundog.stsci.edu/cgi-bin/searchfirst
4
http://vizier.u-strasbg.fr/viz-bin/VizieR-3
5
a hybrid configuration in which antennas in the east and the west arms are maintained
in D configuration while the northern arm remain in C configuration with a baseline of
3.6 km
3
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flux density at 1.4 GHz using the flux density at 843 MHz,
S1.4GHz = S843MHz




1400MHz –0.83
843MHz

(2.1)

The total radio power is calculated using the following equation
P1.4GHz = S1.4GHz 4πD2L ,

(2.2)

where DL is the luminosity distance calculated using Equation 2.3
DL = v/Ho ,

(2.3)

where v, the radial velocity is obtained from HYPERLEDA 6 , and Ho is the
Hubble constant.

For sources that are not detected in any of the surveys, we searched the
VLA image archive. We also searched the literature for total flux density
measurements. If the radio flux density could not be determined using the
above mentioned resources, the catalog detection limit at the source position
is taken as an upper limit to the source flux density.

2.2.3

UV data

Far-UV (FUV) and Near-UV (NUV) magnitudes were collected from the
Galaxy Evolution Survey (GALEX; (Martin et al., 2005)). GALEX is a
wide-field UV imaging survey performed in two UV bands: FUV (λeff =
1539, Δλ = 1344 – 1786) and NUV (λeff = 2316, Δλ = 1771 – 2831) with angular resolution of 4.200 and 5.300 respectively. The data was retrieved from
GALEX GR6 release7 . The GALEX pipeline photometry estimates the magnitudes using the Kron-type SExtractor MAG_AUTO aperture. It uses an
elliptical aperture with the characteristic radius of the ellipse given by the
first moment of the source brightness distribution. The limiting magnitude
for FUV and NUV is 24.7 and 25.5 respectively.
6
7

http://leda.univ-lyon1.fr
http://galex.stsci.edu/GR6/?page=mastform
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2.2.4

Galactic Extinction Correction

FUV, NUV and Ks band magnitudes are corrected for galactic extinction
using the corrections from (Wyder et al., 2005). For the FUV, NUV and K
A(λ)

bands, the ratio of E(B–V) is 8.376, 8.741 and 0.347 where Aλ , the extinction
at wavelength λ, is the difference between the observed magnitude and the
actual magnitude of the source. Values of color excess E(B – V) were retrieved from the GALEX GR6 catalog which uses the Schlegel maps for the
reddening. Galaxies for which E(B – V) are unavailable in the GR6 catalog,
we obtained it from NED (which also estimates reddening using Schlegel
maps). Because the extinction for the infrared WISE bands is minimal, the
corrections for these bands have been ignored.

2.3

Aperture Photometry

Surface photometry of our galaxy sample was performed using the ELLIPSE task in IRAF. The task reads an input image and initial guess isophotal parameters and then returns the fitted isophote parameters and several
other geometrical parameters. A program has been written in Pyraf to automate the photometry for the entire sample. The program runs the ELLIPSE
task in two stages. In the first stage, the RA and DEC positions taken from
2MASS were used as the initial central values and allowed for a non-linear
increase of the semi-major axis step size. In images where the target galaxy
has close companions (e.g. saturated stars or or other galaxies), masks were
created for those regions and the ELLIPSE task was allowed to flag the pixels in the mask. The region masks were created by inspecting each galaxy
by eye. These regions are then given as input to the program that calls the
MSKREGIONS task. This task creates pixel masks which in turn are used
by the ELLIPSE task.
In the first stage, the ellipse parameters are allowed to change freely.
From the output of the first stage, we extract the ellipse parameters (center,
PA and ellipticity) of the isophote at which the intensity is 3σ above the
mean of the sky. This gives the set of ellipse parameters that best describes
the outer isophotes of the galaxy. The mean and the standard deviation
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of the sky background is estimated by calculating the mode of an annulus
region around the galaxy using the task FITSKY. The task also allows for
k-sigma clipping to reject any deviant pixels.
The program uses the new set of parameters obtained in the first stage
as the initial guess for the second stage of the ELLIPSE run while keeping
the center, PA and the ellipticity fixed. The task outputs a list of isophotes
that have the same center, PA and ellipticity at different semi-major axes.
Ideally, the total brightness of a galaxy is obtained by integrating the light
from the entire galaxy. Since galaxies do not have well defined edges and additionally our observations are limited by the sensitivity of the telescope, we
integrate the light out to an isophote of specified brightness or to a specified
radius. For our analysis, the isophote whose intensity is one standard deviation above the mean of the sky background is considered the best aperture
for that galaxy, enclosing all of the visible galaxy light. The flux enclosed by
this aperture is considered to be the ‘total flux’ of the galaxy. This process
is repeated for all the galaxies in each band (Ks , W1, W2, W3 and W4).
Examples of isophote fits are shown in Figure 2.2. The top panel shows
the ellipse fit to the galaxy NGC 4476. The middle panel shows the 2D
smooth model image obtained from the isophotal analysis. A residual image
is obtained by subtracting the model from the galaxy image. This is shown
in the right panel. The residual is nearly smooth. Also shown is a plot of
the mean isophotal intensity with respect to the semi-major axis. The mean
intensity is normalized to the peak intensity. The solid red line marks the
semi-major axis at which the intensity drops to one σ above the mean of the
sky. The ellipticity and the position angle as a function of the semi-major
axis are also shown.
Shown in the bottom panel of Figure 2.2 is the ellipse fit to a sample
galaxy in which masking of close companion has been done. The ellipticity
and the position angle are quite stable.
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Figure 2.2: The top left panel shows galaxy NGC4476 with ellipse fit, galaxy
model and the residual image respectively. The top right panel shows graphs
of the normalized intensity, ellipticity and PA of the fit ellipses. The ellipticity and PA of the ellipses are quite steady. The red line is the semi-major axis
where the intensity is one standard deviation above the sky. The bottom left
panel shows the ellipse fit to a galaxy for which neighboring bright objects
have been masked. The bottom right panel shows graphs of the normalized
intensity, ellipticity and PA of the fit ellipses.
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2.4
2.4.1

Photometry comparisions
Comparision with the 2MASS

A comparison of our Ks band measurements with that of the 2MASS
extended (XSC) catalog has been done. We compare our results with the
isophotal measurements that are set to 20 mag arcsec–2 surface brightness
isophote at Ks using elliptical apertures (identified with k_m_k20fe in the
catalog). This corresponds to roughly 1σ of the typical background noise in
the Ks images.
The 2MASS ellipse fitting pipeline is described in (Jarrett et al., 2000).
The basic step in the fitting method is to first isolate an approximate 3σ
isophote which at Ks band magnitude is at 18.55. This step is called ‘isovector operation’ and is done by analyzing the radial profiles at different position
angles and determining the pixels that correspond to the 3σ isophote. The
center of the isophote corresponds to the pixel with peak intensity. A best-fit
ellipse to the pixel distribution is obtained by minimizing the ratio of the
standard deviation to the mean of the radial distribution at the 3σ isophote.
Using the axis ratio and position angle of the 3σ isophote, an ellipse fit to
Ks band at 20 mag arcsec–2 is obtained by varying the semi-major axis such
that the mean surface brightness along the ellipse is 20 mag arcsec–2 . The
integrated flux within this ellipse after background subtraction is the 2MASS
magnitude.
Figure 2.3 shows the comparison of our magnitude measurements to the
2MASS magnitudes. Our magnitude measurements match closely with that
of 2MASS catalog. Galaxies that do not have 2MASS magnitudes are shown
with green stars. Out of 231 galaxies in the sample, estimates for 47 galaxies
were excluded, either because they are close to the edge of the image or due
to the presence of a very close companion which could not be masked.

2.4.2

Comparison with WISE

The WISE extended source photometry pipeline uses the aperture that
is based on the elliptical shape reported by the 2MASS XSC. Due to the
larger beam size of WISE, the aperture is scaled accordingly. They sum the
pixel fluxes within this aperture and subtract the background to obtain the
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Figure 2.3: Comparison between the 2MASS Ks magnitude from the
catalog (mK2MASS ) and our measurements (mK1σaper ). The solid blue
line shows the one-to-one relation between the mK2MASS and mK1σaper . The
yellow dashed line is a linear fit with a slope of 0.97 and an intercept of
0.23. Our magnitude measurements match the 2MASS magnitudes. The
green stars are the galaxies whose 2MASS magnitudes are not present in the
2MASS catalog. The outlier galaxy is IC5358 whose 2AMSS mag is brighter
than our measurement. Its 2MASS mag is brighter because of the presence
of a companion galaxy which was not properly accounted for in the catalog
estimates.
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elliptical aperture photometry measurement which is indicated by ‘w?gmag’
in the catalog. Since W1 band is the most sensitive wavelength for all galaxies where the emission is from the evolved stellar population, the 2MASS
Ks aperture is typically 3 to 4 times smaller than the 1σ aperture for W1.
This underestimates the integrated flux by about 30 – 40%. Hence, we performed photometry on the WISE images to estimate the galaxy magnitude
within an elliptical aperture fit to 1σ isophote using the technique outlined
in section 2.3.
Shown in Figure 2.4 is the comparison with the WISE W1 magnitude.
The WISE W1 catalog magnitudes are fainter than our measurements by an
average of 0.31 mag. There are a few outliers whose WISE magnitudes are
brighter than our measurements. NGC4467 at mag of ∼11 for example, is

brighter by 0.1 mag. NGC4467 has a companion galaxy. Since the WISE
aperture is larger than the size of the target galaxy, light from the adjacent
galaxy falls into the WISE aperture, giving an increased brightness. Similarly, in the case of NGC4782, NGC5353 NGC821, the contamination from a
nearby source increased the WISE W1 flux. These are consistently brighter
in the W2 band as well.
Figures 2.5 through 2.7 show the comparison with the W2, W3 and W4
estimates. The WISE W2 magnitudes are also fainter than our measured
values. In the case of W3 band, the extended emission from the galaxy is
contained well within the WISE apertures. Hence we see that the one-to-one
correspondence matches with the line fit for W3 magnitude.
We modified our program in order to measure W3 and W4 magnitudes.
We do not go through the two stage process in these cases and ignore the
process of obtaining the 3σ aperture and fixing the ELLIPSE parameters.
This is because, the flux from the galaxy is very faint and is almost always
about 3σ or less.
Figure 2.7 shows the W4 magnitude comparison. A majority of the
galaxies have very faint emission at this wavelength. Since the apertures
used in WISE catalog measurements are larger while the galaxies are small
and compact, the catalog magnitude measurements indicate them as bright
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Figure 2.4: Comparison between the WISE W1 magnitudes and our
measurements. The notation used in this figure is same as that used in
Figure 2.3. The WISE catalog measurements give galaxy magnitudes that
are faint compared to the magnitudes that we measured. The uncertainty
in magnitude is smaller than the point size. The mean difference between
the WISE catalog and our measurements is ∼ 0.34 mag with the percentage
difference ranging from ∼ 5% to 70%. The slope of the fit is 1.05 with an
intercept of –0.06
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Figure 2.5: Comparison between the WISE W2 magnitude with our
measurements. The WISE magnitudes are fainter by 0.32 mag. The slope
of the fit is 1.04 with an intercept of –0.07.
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Figure 2.6: Comparison between the W3 WISE magnitude with our
measurements. It can be noticed that the WISE catalog measurements
give galaxy magnitudes that are close to the magnitudes that we estimated.
The mean difference is ∼0.095.
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Figure 2.7: Comparison between the W4 WISE magnitude with
our measurements. There is large scatter in the measurements for faint
galaxies and the catalog estimates small magnitudes for the faint galaxies.
The slope of the fit is 0.92 with an intercept of 0.39.
galaxies. This is due to the contamination from foreground stars that are
not subtracted in the images. In our method, we use an aperture at 1σ
which gives an aperture that is just right to measure the galaxy flux without
adding noise.
We show the difference in the aperture between our method and that
from WISE in W1 mag in Figure 2.8. About 95% of the galaxies have small
WISE apertures.

2.4.3

Error Analysis

The uncertainty in the flux measurement includes contribution from possion noise and error in the sky background estimation. The possion noise due
to the photoelectrons collected by the CCD has the following relationship
with the signal.
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Figure 2.8: Difference between the aperture sizes obtained using our
method and that used in the WISE catalog for W1 band. In general,
the WISE W1 band apertures are larger than the aperture we estimated.
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σsource =

√

flux

(2.4)

Uncertainity in the source flux and sky flux is added in quadrature to estimate the total uncertainty.

σtot =

q
σsource 2 + σsky 2

(2.5)
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RA

17h15m23.25s
16h15m3.80s
12h56m40.52s
5h40m6.69s
01h53m00.47s
7h16m31.21s
13h1m0.80s
8h36m15.13s
04h54m52.26s
17h33m2.02s
22h57m10.60s
01h09m55.55s
1h47m55.26s
13h36m39.03s
22h57m13.48s
23h47m45.07s
2h40m24.00s
2h41m4.8s
02h52m51.83s
03h3m38.41s
3h18m15.62s
03h22m41.71s
03h26m17.2s

Name

7ZW700
ESO137006
ESO269
ESO3060170
ESO351030
ESO428
ESO443G024
ESO495G021
ESO552G020
IC1262
IC1459
IC1633
IC1729
IC4296
IC5267
IC5358
NGC1023
NGC1052
NGC1132
NGC1199
NGC1265
NGC1316
NGC1332

57d25’58.32"
-60d54’25.8"
-46d55’34.3"
-40d50’12.1"
-13d44’18.5"
-29d19’28.8"
-32d26’29.2"
-26d24’33.8"
-18d6’56.0"
43d45’34.7"
-36d27’43.9"
-45d55’52.3"
-26d53’31.4"
-33d57’57.0"
-43d23’45.4"
-28d8’26.3"
39d3’47.7"
-8d15’21.0"
-1d16’29.1"
-15d36’48.6"
41d51’27.8"
-37d12’28.7"
-21d20’7.0"

DEC

0.03
0.02
0.02
0.04
0.00
0.01
0.02
0.00
0.03
0.03
0.01
0.02
0.01
0.01
0.01
0.03
0.00
0.00
0.02
0.01
0.03
0.01
0.01

z

9630.00
5452.30
5016.00
10903.00
109.40
1707.00
5114.60
858.90
9396.80
9788.00
1794.50
7265.20
1503.00
3781.40
1714.90
8651.20
645.00
1483.80
6957.60
2681.60
7536.00
1788.30
1526.20

Vel
km/s
null
-4.9
-2.1
-3.9
-4.8
-1.8
-3
-3.1
-3.9
-4.8
-4.8
-3.9
-3.8
-4.9
-1.1
-3.9
-2.6
-4.7
-4.8
-4.8
-4
-1.8
-2.9

T

...
...
<
<
...
<
<
<
...
<
<
<
...
<
...
<
...
<
<
...
<
<
<

l_F1.4
mJy
0.94
1.35
6
18.2
1.35
81
1387
83.8
1.35
69.1
1279.7
1.59
1.35
8.07
6
27.5
1.35
1017.22
5.4
1.35
5260
119000
4.6

F1.4
mJy
10.32
7.91
10.12
9.20
7.03
8.44
8.01
8.49
8.89
9.96
6.57
7.97
9.34
7.31
7.19
9.29
6.14
7.22
8.67
8.10
8.28
5.51
6.84

W1
mag
9.95
8.12
10.19
9.06
7.11
8.10
8.22
8.18
8.86
10.19
6.64
8.00
9.46
7.25
7.29
9.43
6.17
7.15
8.99
8.05
8.32
5.54
6.90

W2
mag
10.41
7.81
7.86
8.88
6.59
4.58
7.46
3.66
9.57
10.01
6.14
7.84
9.18
7.06
5.82
9.73
5.75
5.52
8.71
7.93
8.25
4.52
6.38

W3
mag
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10.10
7.02
5.78
7.63
5.81
1.67
6.37
0.34
10.27
8.48
5.08
6.92
8.86
6.01
3.96
0.00
4.99
3.06
6.91
6.85
7.70
3.33
5.64

W4
mag
11.27
8.55
10.52
10.20
7.27
8.80
8.92
9.05
9.54
10.74
6.91
8.52
9.86
7.52
7.71
10.70
0.00
7.34
9.20
0.00
8.66
0.00
7.09

Ks
mag

21.24
24.70
24.70
24.70
17.03
24.70
19.48
0.00
21.06
20.31
16.89
17.95
19.33
18.27
15.77
0.00
17.85
17.65
19.46
19.11
20.82
15.99
17.01

FUV
mag

20.35
19.67
19.99
18.06
15.92
17.64
18.15
0.00
18.65
18.98
15.28
17.65
17.48
16.24
14.51
0.00
15.75
16.19
18.90
17.25
17.68
14.12
16.00

NUV
mag

0.0364
0.1944
0.1414
0.0325
0.0158
0.1961
0.0909
0.1117
0.0719
0.0203
0.0162
0.0106
0.0178
0.0618
0.0124
0.0188
0.0605
0.0266
0.0633
0.0559
0.1623
0.0208
0.0327

E(B-V)
mag
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RA

3h28m19.7s
3h36m31.67s
3h36m46.22s
3h36m57.03s
03h37m11.75s
03h38m29.71s
03h38m29.02s
03h38m51.93s
03h40m11.83s
03h42m49.10s
03h42m19.42s
03h44m49.95s
3h54m38.93s
04h8m18.93s
04h15m45.11s
04h19m37.95s
04h16m10.46s
04h30m39.93s
04h31m39.87s
04h41m36.5s
4h56m56.32s
4h54m13.50s
5h6m25.55s

Name

NGC1340
NGC1381
NGC1386
NGC1387
NGC1389
NGC1395
NGC1399
NGC1404
NGC1407
NGC1426
NGC1427
NGC1439
NGC1482
NGC1521
NGC1549
NGC1550
NGC1553
NGC1587
NGC1600
NGC1638
NGC1700
NGC1705
NGC1800

-31d4’5.0"
-35d17’42.7"
-35d59’57.2"
-35d30’23.8"
-35d44’45.9"
-23d01’38.7"
-35d27’1.6"
-35d35’39.0"
-18d34’48.3"
-22d6’30.1"
-35d23’33.2"
-21d55’14.0"
-20d30’7.7"
-21d3’6.9"
-55d35’32.0"
2d24’36.0"
-55d46’48.1"
0d39’41.8"
-5d5’10.5"
-1d48’32.5"
-4d51’56.8"
-53d21’39.8"
-31d57’13.8"

DEC

0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.00
0.01
0.00
0.01
0.02
0.01
0.01
0.00
0.00

z

1183.10
1727.00
895.10
1260.50
921.00
1701.40
1425.70
1946.30
1791.40
1444.70
1388.20
1667.90
1860.40
4217.50
1243.40
3785.20
1148.40
3671.70
4708.20
3293.10
3891.40
628.30
800.80

Vel
km/s
-4
-2.1
-0.7
-2.9
-2.8
-4.9
-4.6
-4.8
-4.5
-4.9
-4
-4.8
-0.8
-4.2
-4.3
-4.1
-2.3
-4.8
-4.6
-1.9
-4.7
-2.9
8

T

...
...
<
<
...
<
<
<
<
...
...
...
<
<
...
<
<
<
<
...
...
...
...

l_F1.4
mJy
1.35
1.35
37.7
4
1.35
1.1
639
3.9
87.7
1.35
1.35
1.35
237.8
4.2
6
21
6.8
130.6
61.6
1.35
1.35
6
1.35

F1.4
mJy
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7.19
8.27
7.85
7.19
8.39
6.70
6.12
6.58
6.42
8.43
7.97
8.31
7.96
8.33
6.52
8.48
6.22
8.28
7.56
8.97
7.84
10.09
9.90

W1
mag
7.30
8.33
7.45
7.24
8.42
6.79
6.20
6.72
6.42
8.29
8.14
8.41
7.62
8.16
6.59
8.54
6.07
8.34
7.63
8.94
7.93
10.01
9.91

W2
mag
6.72
7.94
4.41
5.96
8.08
6.27
5.70
6.07
6.07
8.10
7.29
8.06
0.00
8.51
6.10
8.44
5.33
7.90
7.35
7.76
7.42
8.09
7.51

W3
mag
5.86
6.99
1.87
4.51
7.13
5.62
4.92
5.31
5.75
7.23
7.29
6.94
0.87
7.46
5.47
8.19
4.28
7.27
7.26
7.01
6.60
5.57
5.39

W4
mag
7.57
8.41
8.16
7.46
8.79
6.94
0.00
7.00
6.67
8.70
8.25
8.60
8.57
9.11
0.00
8.97
6.35
8.70
7.87
9.69
8.32
10.98
10.71

Ks
mag
17.78
18.61
17.13
16.88
19.14
16.93
15.49
17.04
16.73
18.96
18.94
19.05
17.94
19.90
18.06
19.11
16.72
19.37
17.99
18.84
0.00
13.55
15.27

FUV
mag

15.76
16.97
15.87
15.92
17.03
15.67
15.19
15.71
15.66
16.70
16.35
16.75
16.51
17.64
15.44
18.34
14.75
17.96
17.13
17.52
0.00
13.67
14.58

NUV
mag

0.0185
0.0129
0.0125
0.0125
0.0114
0.0231
0.0125
0.0100
0.0405
0.0162
0.0122
0.0270
0.0399
0.0412
0.0124
0.1317
0.0151
0.0721
0.0440
0.0422
0.0433
0.0079
0.0143

E(B-V)
mag
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00h40m22.08s
5h52m11.39s
00h42m41.82s
06h48m37.4s
7h10m32.5s
07h09m8.00s
07h11m10.81s
07h34m51.17s
8h20m35.69s
9h11m37.5s
9h12m24.37s
9h19m18.62s
09h19m46.86s

NGC205
NGC2110
NGC221
NGC2305
NGC2314
NGC2329
NGC2340
NGC2434
NGC2563
NGC2768
NGC2778
NGC2787
NGC2832

41d41’7.1"
-7d27’22.3"
40d51’54.7"
-64d16’23.8"
75d19’36.0"
48d36’55.8"
50d10’28.8"
-69d17’2.8"
21d4’4.1"
60d2’14.0"
35d1’39.2"
69d12’12.0"
33d44’59.0"

DEC

0.00
0.01
0.00
0.01
0.01
0.02
0.02
0.00
0.02
0.00
0.01
0.00
0.02

z

-241.30
2311.70
-199.70
3570.00
3834.40
5792.90
5925.20
1449.70
4509.10
1397.80
2030.50
696.80
6898.90

Vel
km/s
-4.8
-3
-4.8
-4.9
-4.7
-3
-4.8
-4.8
-2.2
-4.5
-4.8
-1
-4.3

T

...
<
...
...
<
<
<
...
...
<
...
<
<

l_F1.4
mJy
1.35
298.8
1.35
6
23.7
732
0.5
6
0.93
14.5
0.96
10.9
5.0

F1.4
mJy
5.94
7.52
4.91
8.27
8.57
8.91
8.55
7.45
8.47
6.90
9.34
7.07
8.10

W1
mag
6.14
6.98
4.85
8.23
8.74
9.07
8.58
7.60
8.86
7.05
9.47
7.16
8.40

W2
mag
5.57
4.67
4.17
7.98
8.24
8.75
8.42
6.74
8.67
6.66
9.05
6.42
8.19

W3
mag
4.89
2.44
3.26
7.24
6.67
8.44
8.62
6.23
8.13
5.75
7.71
5.68
6.74

W4
mag
5.90
8.31
5.13
8.76
9.02
9.55
8.89
8.24
9.16
7.08
9.56
0.00
9.12

Ks
mag
15.45
24.70
16.16
19.34
19.56
19.61
19.44
19.29
19.21
18.22
19.90
18.93
19.02

FUV
mag

12.95
19.00
14.24
17.56
18.27
18.62
18.25
17.17
18.37
15.64
18.02
17.07
17.55

NUV
mag

0.0867
0.3730
0.1527
0.0759
0.0416
0.0721
0.0733
0.2400
0.0432
0.0448
0.0222
0.1335
0.0173

E(B-V)
mag

Note. — Note: Column description: (1) Name of the galaxy; (2) RA in J2000; (3) DEC in J2000; (4) Redshift; (5) Radial Velocity (Makarov et al.,
2014); (6) Morphological type (de Voucouleur’s scale) (Makarov et al., 2014); (7) Limit on the radio flux at 1.4 GHz; (8) Radio flux at 1.4 GHz; (9) (12) Photometric estimates in WISE bands; (13) Photometric estimate in Ks band; (14) GALEX FUV; (15) GALEX NUV; (16) Galactic reddening from
GALEX

RA

Name

Table 2.1 (cont’d)
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CHAPTER

3
PHOTOMETRIC PROPERTIES OF THE
SAMPLE

In this chapter, we study the radio, infrared and UV measurements of
our sample obtained using the techniques discussed in chapter 2. Using
these measurements, we estimate properties of our galaxy sample such as
radio power, star formation rate and stellar mass.

3.1

MIR-FUV Properties

A color magnitude plot such as the one shown in Figure 3.1 can be
used to distinguish between actively star-forming and more passive galaxies.
The galaxies are color coded according to the strength of the radio power.
We do not see a systematic change in the [FUV – Ks ] color with absolute
Ks magnitude. An [FUV – Ks ] color of 8.8 mag is defined as the transition
point between non-star-forming and star-forming galaxies (Gil de Paz et al.,
2007). Consistent with the color properties of typical early type galaxies,
most of the galaxies in our sample lie in a band of [FUV – Ks ] ∼ 9 – 11 (Gil

de Paz et al., 2007). A majority of the galaxies are UV weak, and only ∼ 7%
of the galaxies in our sample have [FUV – Ks ] bluer than 8.8 mag suggesting

signs of recent star formation or bright accretion disks. Furthermore, these
FUV bright galaxies are not powerful in the radio (P1.4GHz < 1022 WHz–1 )
and are also less luminous in the Ks band and thus less massive.
We have examined the 13 FUV bright galaxies for evidence of star for57
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Figure 3.1: [FUV – Ks ] versus absolute Ks magnitude. The green dashed
line at 8.8 mag defines the separation between star forming and non-star
forming galaxies as per (Gil de Paz et al., 2007). The galaxies are color coded
to represent the strength of the radio power. Galaxies that are redder than
8.8 mag do not show signs of star formation; these consist of ∼ 92% of the
sample. Galaxies that have [FUV – Ks ] bluer than 8.8 mag show indications
of significant star formation; they are less luminous (thus less massive) and
are also weak in the radio. The more massive galaxies tend to be FUV faint
but are more luminous in the radio. Note here that Ks magnitudes are in
the Vega system and FUV are in the AB system.
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mation. These fall into three categories:
• Galaxies with on-going star formation: The two bluest galaxies, NGC 3413,
NGC 1705 are known to be undergoing a strong star burst. NGC
3413 is classified as HII dominated region using the BPT diagram
(Hernández-Ibarra et al., 2013). NGC 1705 is a blue compact dwarf and
its optical UV and IR spectroscopy reveals regions of nuclear star bursts
(Meurer et al., 1992; Heckman et al., 2001; Annibali et al., 2003). The
radio power at 1.4 GHz for these galaxies is less than 1020 WHz–1 indicating that the FUV emission is dominated via star formation and not
by AGN. Also, NGC 855 shows CO emission (Nakanishi et al., 2007),
NGC 3928 has a starburst nucleus (Balzano, 1983) and IC5267 has a
large number of star formation sites(Caldwell et al., 1991), indicating
ongoing star formation activity. NGC 7252 is a merger remnant(Chien
&Barnes, 2010) that has old and new star forming populations residing
in the nuclear regions of the galaxy.
• AGN contribution: NGC 5252 and NGC 5283 are AGNs with Seyfert
type Sy1.9 and Sy2, respectively. They show slight excess in the FUV
light. Similarly, NGC 4457 hosts a bright UV nucleus which is attributed to the central AGN (Flohic et al., 2006).
• Unknown FUV origin: The rest of the galaxies, NGC 3955, NGC 4344,
NGC 4627, and UGC 3097 do not have any strong evidence of ongoing
star formation or AGN activity. Thus far, the origin of the excess UV
emission in these galaxies is unclear.
Similar to the UV, the mid-infrared (MIR) emission is also a good indicator of star formation in a galaxy. A color-color diagram in [12μm – 22μm] vs
[FUV – Ks ] for the galaxy sample is shown in Figure 3.2. Only 160 galaxies
have photometry for 12 μm, 22 μm, FUV and Ks band. The green dashed
vertical line at [FUV – Ks ] = 8.8 mag separates star forming and non-star
forming galaxies. We draw the horizontal line at [12μm – 22μm] = 2.0 mag to
emphasize the concentration of galaxies centered at (10, 0.5). The galaxies
are color coded with ellipticals in pink circles and lenticular galaxies in blue
plus symbols. The four quadrants are named I, II, III and IV for convenience.
The galaxies in quadrant II and III ([FUV – Ks ] < 8.8 mag) are bright in the
FUV and show signs of a young stellar population. The galaxies in quadrant
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Figure 3.2: Plot of WISE [12μm – 22μm] color versus [FUV – Ks ] color.
The vertical green line is as defined in Figure 3.1. The horizontal line
defines the redder galaxies. Galaxies to the left of the vertical line (quadrant
II and III) are star forming, those in the top right quadrant (quadrant I)
are dust obscured star forming galaxies. Non-star forming galaxies tend to
occupy the bottom right quadrant (IV). Elliptical galaxies are colored red
and lenticular galaxies in blue. ∼ 7% of the galaxies show indications of
ongoing and obscured star formation.
I are bright in the IR but faint in the FUV, indicating star formation that is
obscured by dust. Galaxies in IV quadrant are redder in [FUV – Ks ] and are
not undergoing substantial star formation. The majority of the galaxies that
show star formation (i.e. in quadrants I, II and III) are lenticular galaxies.
Using the IR and FUV colors, we examine the star forming properties of
our sample. We notice a small fraction of star forming galaxies (∼7%) that
are identified based on the FUV excess in the [FUV – Ks ] and IR excess in
the [12μm – 22μm] . These star forming galaxies are also less massive and
weaker in radio power than the galaxies without excess [FUV – Ks ] .
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3.1.1

SFR estimation using FUV

We now proceed to estimate the star formation rate (SFR) for our galaxy
sample. The most frequently used SFR indicators are the UV continuum,
recombination lines (primarily Hα, but Hβ, Pα, Pβ have been used) , forbidden lines ([OII] λ3727), mid to far IR dust emission and radio continuum
emission at 1.4 GHz (Kennicutt, 1998). The calibration of SFR for these
different star formation tracers are prone to systematic uncertainties arising
from uncertainties in IMF, dust content and distribution and metallicity.
However, the scaling relations offer a convenient method to compare the
SFR properties in a large galaxy sample. To estimate the SFR in our galaxy
sample, we use the calibration in Salim et al. (2007) which was derived to
suit the GALEX wavebands. This relation is valid in the ‘constant star formation approximation’ where the SFR is assumed to remain constant over
the life time of the UV emitting population (< 108 year). It also assumes a
Salpeter IMF with mass limits from 0.1 to 100M .
The FUV emission can be from young stars as well as the evolved stellar
population and from the accretion disks of AGNs. To account for the FUV
luminosity (LFUV ) from the young stars alone, we use the following technique
to remove the contribution from the evolved stellar population: We chose
galaxies that have [FUV – Ks ] above the median [FUV – Ks ] and treat them
as non-star forming galaxies (which is a fair assumption to make, since star
forming galaxies are defined to occupy the region below [FUV – Ks ] < 8.8
mag). We then compare the Ks and the FUV luminosity. A fit to the LFUV
vs LKs (shown in Figure 3.4) gives an indication of the amount of FUV
emission from the evolved stars. We obtained the following relation
log LFUV,evolved* = a log LKs + b,

(3.1)

with a = 1.0072 ± 0.026 and b = –3.63 ± 0.765. This fit is used to estimate

the FUV contribution from the evolved stellar population for the rest of
the galaxies and subtract it from the observed FUV luminosity. This gives
the FUV luminosity that is preferentially due to young stars (LFUV,young* ),
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Figure 3.3: Left panel: Plot of SFR versus Ks band luminosity. The SFR is estimated using the FUV luminosity from
which evolved stellar contribution has been removed and thus is a much better estimate of SFR from young stars. These
objects are indicated as red circles and blue crosses depending on their [FUV – Ks ] color. The green diamonds shows the SFR
estimated using the observed FUV without subtracting the evolved stellar component. The black dots shows the derived SFR
of evolved stars. The down arrows indicate the SFR obtained using the FUV upper limit of 24.7 magnitude. Right panel:
Histogram of the SFR. SFR for ellipticals and lenticular galaxies is shown in red and blue lines respectively and the total
SFR is shown in black line. The upper limits in the FUV are not considered in the making of the histogram.
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Figure 3.4: Plot of FUV luminosity versus k-band luminosity for non-star
forming galaxies. These galaxies have [FUV – Ks ] above the median [FUV –
Ks ] . A linear fit to this relation is shown in black solid line. The linear fit
has a slope of 1.0072 ± 0.026 and intercept of –3.63 ± 0.765.
which is then used to estimate the SFR. For galaxies that have not been
detected in the FUV, we use the GALEX detection limit magnitude of 24.7.
FUV emission can also be contaminated by the AGN accretion disk especially from unobscured Sy1 galaxies. There are five Sy1 in our sample
and these have been removed in the SFR estimation. Also, these Sy1 have
[FUV – Ks ] < 8.8 mag.
We estimate the SFR using the following relation from Salim et al. (2007),

SFR(M yr–1 ) = 1.08 × 10–28 LFUV

(erg s–1 Hz–1 ).

(3.2)
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The FUV luminosity, LFUV has been corrected for Galactic extinction alone
(ignoring internal extinction due to dust). Thus our SFR estimates can be
considered as lower limits. From here on, we label SFRFUV,young* as just
SFRFUV .
In Figure 3.3, the left panel shows the plot of the SFR obtained using
LFUV,young* against Ks band luminosity. The SFR for our galaxy sample
with FUV detections is less than 0.4 M yr–1 . The green diamonds are the
galaxies whose SFR is estimated using the total FUV luminosity, i.e., before subtracting the UV light expected from evolved stars. Galaxies that
are marked with a blue cross are the star forming galaxies identified with
[FUV – Ks ] < 8.8 mag. There is an overlap of green diamonds and the
blue crosses suggesting that there is no significant change in the SFR before
and after subtracting the evolved stellar contribution. All of the detected
FUV emission is probably from the young stellar population. The red circles are the galaxies with [FUV – Ks ] ≥ 8.8 and their SFRs are less than
the SFRFUV,total indicating a significant contribution to the FUV from the
evolved stellar population. The black dots show the SFR estimated from
FUV using equation (3.1). The down arrows are the galaxies with FUV upper limits. The right panel shows the distribution of SFRFUV for our sample.
The distribution is asymmetric and skewed to low SFR. Most of the galaxies
have SFR within the range 0.1 – 1 M yr–1 with a median at 0.4 M yr–1 and
the distribution tails off at lower star formation rates. The median SFR for
ellipticals is higher at 0.5 M yr–1 whereas for the lenticulars, the median
SFR is 0.2 M yr–1 . This probably is due to the fact that SFR correlates
with the stellar mass (Brinchmann et al., 2004), and the average (and the
median) stellar mass for the ellipticals in our sample is greater than for the
lenticulars.

3.1.2

Galaxy mass estimation

There are numerous techniques for estimating stellar mass of a galaxy.
Here we use the simple technique devised by Bell et al. (2003) and use Ks band luminosity to calculate the stellar mass. Galaxy luminosities in the Ks band are 5 to 10 times less sensitive to dust than in the optical band, which
allows them to be used as excellent tracers of stellar luminosity and thus
stellar mass (Bell &de Jong, 2001). Bell et al. (2003) analyzed a large sample
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of ∼ 12, 000 galaxies from the 2MASS and Sloan Digital Sky Survey (SDSS)

and estimated stellar mass-to-light ratios (M/L) using broadband colors.
They constructed stellar population synthesis (SPS) models using PEGASE
synthesis code with a modified “diet” Salpeter IMF. The “diet" Salpeter IMF
is devised to satisfy a maximum-disk constraint by Bell &de Jong (2001)
which is motivated by the fact that faint stars contribute significantly to the
mass budget but insignificantly to the luminosity. Thus, the Bell et al. (2003)
estimate yields stellar masses slightly higher (∼0.05 dex) than popular IMFs.
The results of the model are compared with the optical-near IR galaxy data
and derive the best-fit M/L ratios from SED fitting. The M/L they obtain in
the ugriz K passbands are 3.64, 3.50, 3.05, 2.57, 2.00, 0.9 ± 0.03 respectively
in solar units. Therefore, we use M = 0.95L where L is the galaxy luminosity

in the Ks band in solar units calculated using L = 10–0.4(Mks –3.32) . Figure
3.5 shows the distribution of galaxy mass in our sample. There is a greater
number of massive galaxies than less massive galaxies and the median galaxy
mass peaks at 1011 M . After this peak, galaxies are undetected and reach
the Ks -band magnitude limit.

3.1.3

Specific SFR estimation

Figure 3.6 shows the normalized distribution of the SFR per unit stellar mass, known as the specific SFR (sSFR). The sSFR distribution is color
coded in red for ellipticals and in blue for lenticulars. The median sSFRs for
ellipticals and lenticulars are roughly equal (1.1 × 10–13 yr–1 and 1.3 × 10–13

yr–1 respectively). We perform a simple KS (Kolmogorov-Smirnov) statistical two-sample test to verify the claim (null hypothesis) that the distribution
of the two population is the same. The test gives a p-value of 0.05 and a KS
statistic of 0.2. The p-value gives us the strength of evidence against or in
favor of the null hypothesis and the KS statistic tells the maximum distance
between the cumulative distribution function of the two samples. In this
test, the small p-value suggests that there is only 5% probability that the
distribution of ellipticals and lenticulars appear to be same. This suggests
that there is significant difference between the sSFR distributions of the two
populations.
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Figure 3.5: Histogram of galaxy mass. There is a greater number of
massive galaxies in our sample, with the median galaxy mass at 1011 M .
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Figure 3.6: Histogram of the specific SFR. sSFR for ellipticals and
lenticular galaxies is shown in red and blue lines respectively. The total
sSFR is shown with the black line. The distribution of sSFR for ellipticals
and lenticular galaxies is not the same. The upper limits in the FUV are not
considered in the making of the histogram.
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Figure 3.7: Histogram of the radio luminosity for the galaxies detected in the radio. Only 60% of the galaxies have radio detections.

3.2

Radio properties

We obtained radio fluxes for the galaxies in our sample from multiple
sources but ∼ 90% of the data comes from the VLA (either NVSS/FIRST).

However, ∼40% of the galaxies are undetected in the radio and we provide
only the upper limits to the radio power in these cases. The radio images for
the remaining 60% of the galaxies reveal radio morphological information. A
majority of these detected galaxies are compact radio sources and only ∼ 25%

of them show extended emission of types FRI, FRII, tailed, and amorphous.
Figure 3.7 shows the distribution of radio power for the galaxies that have
been detected in the radio. There is a large spread of roughly six orders
of magnitude in the radio power. Starting from high luminosity bins, the
number of galaxies increases towards lower luminosities until it reaches a
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peak at ∼ 1021.5 WHz–1 . At this point, galaxies with luminosities below
that peak are undetected and reach the radio detection limit.

3.3

Summary

Typical with early type galaxies, a majority of galaxies in our sample
do not show signs of ongoing star formation. Only a few (∼ 7%) of the
galaxies are bright in the FUV and MIR indicating the presence of young
stars and signatures of little dust respectively. These blue galaxies are less
massive with an average mass of 109.5 M . The stellar mass of our sample
falls predominantly in the range log(M* /M ) = 10 – 12 with a peak near
1011 M . We estimate the SFR using the FUV luminosity relation from
Salim et al. (2007), carefully subtracting the FUV emission from the evolved
stars. The SFR for a majority of the galaxies is between 0.1 and 0.4 M yr–1
. The galaxies in our sample are also radio faint with a median radio power
at ∼ 1021.5 WHz–1 . We present in Table 3.1 derived properties for a sample
of galaxies in our dataset.
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Table 3.1. Derived properties of a subset of the sample.
Name

SFR
M yr–1

M*
M

l_P1.4

P1.4
WHz–1

MK s
mag

7ZW700
ESO137006
ESO269
ESO3060170
ESO351030
ESO428
ESO443G024
ESO495G021
ESO552G020
IC1262
IC1459
IC1633
IC1729
IC4296
IC5267
IC5358
NGC1023
NGC1052
NGC1132
NGC1199
NGC1265
NGC1316
NGC1332
NGC1340
NGC1381
NGC1386
NGC1387
NGC1389
NGC1395
NGC1399
NGC1404
NGC1407
NGC1426
NGC1427
NGC1439

1.64E-02
1.54E-03
8.69E-04
1.77E-03
9.41E-05
1.53E-04
2.91E-02
—
5.10E-02
4.35E-02
2.15E-02
2.02E-01
2.65E-03
9.09E-03
1.25E-01
—
—
4.69E-03
4.91E-02
—
8.21E-02
—
2.00E-02
2.82E-03
2.40E-03
8.22E-03
1.69E-02
2.04E-04
2.09E-02
—
1.72E-02
3.48E-02
1.10E-03
4.95E-03
9.30E-04

1.17E+11
4.84E+11
6.52E+10
4.00E+11
5.97E+08
3.76E+10
2.92E+11
7.39E+09
5.56E+11
1.96E+11
2.23E+11
8.29E+11
1.03E+10
5.75E+11
9.77E+10
1.59E+11
7.78E+10
1.03E+11
4.14E+11
1.18E+11
8.21E+11
2.71E+11
1.37E+11
5.28E+10
5.19E+10
1.76E+10
6.65E+10
1.04E+10
1.96E+11
1.76E+11
2.41E+11
2.79E+11
2.79E+10
3.89E+10
4.09E+10

<
<
—
—
<
—
—
—
<
—
—
—
<
—
<
—
<
—
—
<
—
—
—
<
<
—
—
<
—
—
—
—
<
<
<

1.96E+21
9.00E+20
2.22E+21
3.32E+22
3.62E+17
5.30E+21
8.14E+23
1.39E+21
2.67E+21
1.49E+23
9.25E+22
1.88E+21
6.84E+19
2.59E+21
3.96E+20
4.62E+22
1.26E+19
5.02E+22
5.86E+21
2.18E+20
6.70E+24
8.54E+24
2.40E+20
4.24E+19
9.03E+19
6.78E+20
1.43E+20
2.57E+19
7.14E+19
2.91E+22
3.31E+20
6.31E+21
6.32E+19
5.84E+19
8.43E+19

-24.40
-25.95
-23.77
-25.74
-18.68
-23.17
-25.40
-21.41
-26.10
-24.97
-25.10
-26.53
-21.77
-26.14
-24.21
-24.74
—
-24.27
-25.78
—
-26.52
—
-24.58
-23.54
-23.52
-22.35
-23.79
-21.78
-24.96
—
-25.19
-25.35
-22.85
-23.21
-23.26
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Table 3.1 (cont’d)
Name

SFR
M yr–1

M*
M

l_P1.4

P1.4
WHz–1

MK s
mag

NGC1482
NGC1521
NGC1549
NGC1550
NGC1553
NGC1587
NGC1600
NGC1638
NGC1700
NGC1705
NGC1800
NGC205
NGC2110
NGC221
NGC2305
NGC2314
NGC2329
NGC2340
NGC2434
NGC2563
NGC2768
NGC2778
NGC2787
NGC2832

1.95E-02
2.37E-02
—
5.48E-02
2.88E-03
8.43E-03
7.29E-02
2.95E-02
—
1.40E-01
4.89E-02
5.00E-03
1.10E-03
1.63E-03
1.14E-02
3.65E-03
4.11E-02
2.81E-02
1.55E-02
2.37E-02
1.25E-02
8.63E-04
—
5.00E-02

5.25E+10
1.63E+11
1.48E+11
1.55E+11
1.53E+11
1.83E+11
6.44E+11
5.88E+10
2.89E+11
6.41E+08
1.34E+09
1.05E+10
1.14E+11
1.48E+10
1.64E+11
1.47E+11
2.09E+11
4.01E+11
4.59E+10
1.79E+11
1.17E+11
2.50E+10
1.30E+10
4.32E+11

—
—
<
—
—
—
—
<
<
<
<
<
—
<
<
—
—
—
<
<
—
<
—
—

1.85E+22
1.68E+21
1.37E+20
6.75E+21
1.38E+20
3.95E+22
3.06E+22
3.28E+20
4.59E+20
3.49E+19
1.94E+19
1.76E+18
3.58E+22
1.21E+18
1.13E+21
7.82E+21
5.51E+23
3.94E+20
1.86E+20
4.24E+20
6.36E+20
8.88E+19
1.19E+20
5.34E+21

-23.54
-24.77
—
-24.71
-24.70
-24.89
-26.26
-23.66
-25.39
-18.75
-19.55
-21.79
-24.38
-22.16
-24.77
-24.66
-25.03
-25.74
-23.39
-24.87
-24.40
-22.73
—
-25.83

Note. — Note: Column description: (1) Name of the galaxy; (2)
Star Formation Rate; (3) Stellar Mass; (4) Limit on the radio flux at
1.4 GHz; (5) Radio power at 1.4 GHz; (6) Absolute Ks band magnitude
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CHAPTER

4
RESULTS AND DISCUSSION

4.1

Relation between radio power and host galaxy
properties

4.1.1

Radio power and galaxy mass relation - Radio power
from AGN is dependent on the galaxy mass

Shown in Figure 4.1 is a plot of 1.4 GHz radio power and absolute
Ks band magnitude. The radio power ranges from 1017 WHz–1 to 1025 WHz–1
and MKs ranges from –18 to –27. Galaxies that are fainter than -21 mag
have radio power less than 1021 WHz–1 . Star forming galaxies are known to
produce up to 1022 WHz–1 radio power at 5 GHz (Wrobel &Heeschen, 1991)
which corresponds to ∼ 1021 WHz–1 at 1.4 GHz . The weakest radio source

detected is NGC 855, which has a radio power of 3.86 × 1019 WHz–1 and
MKs = –19.4. This is a blue star forming dwarf elliptical galaxy (Nakanishi
et al., 2007; Walsh et al., 1990).
Figure 4.1 shows the relationship between the radio power and the stellar
luminosity (mass). Our results are consistent with previous investigations
(Hummel et al., 1983; Heckman, 1983; Feretti et al., 1984; Sadler, 1987; Calvani et al., 1989; Brown et al., 2011). But, a relation such as this between
two luminosities need to be addressed carefully. Since luminosity and distance are related by the inverse square law, any property that is related to
distance can appear as a luminosity dependent relation (Malmquist Bias).
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Figure 4.1: Total radio power (1.4 GHz) versus absolute k magnitude. Out of 231 sources, only 195 galaxies have Ks band magnitudes.
Sources with upper limits to the radio power are indicated with ↓. About
56% of the sources have radio flux measurements. The dashed line shows the
median radio power binned by the absolute Ks magnitude. The median is
calculated considering both the detected and undetected sources. The plots
shows that the upper envelope of radio power is a steep function of the total mass of the galaxy. This indicates that massive galaxies are capable of
hosting powerful radio sources.
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Before we claim to see any correlation between radio power and stellar luminosity, it is important to correct for this bias. Following Singal &Rajpurohit
(2014), we examine whether the observed relation is due to Malmquist bias
or is an intrinsic property of the sample. We show in Figure 4.2 the normalized cumulative distribution of MKs within different radio power bins and
for different distance bins. We divided the sample into equal distance bins,
except that we combined the last two bins into one due to the small number
of sources. In each distance bin, the sources are separated into two bins of
radio power defined by the median radio power of the sample in that distance bin. Each graph in the plot is the normalized cumulative distribution
of MKs . We notice that the median value of MKs , indicated by the dashed
line, is higher for the higher radio power bin except in the third distance bin.
This suggests that the relation that we see in the Figure 4.1, i.e., luminous
galaxies have higher radio power, is most likely intrinsic to the sample.
Compared to previous studies, our sample extends the investigation of
radio power and galaxy absolute magnitude to fainter galaxies. There is a
broad distribution of radio power at a fixed Ks band absolute magnitude.
However, the two quantities show a strong correlation with a spearman correlation coefficient of 0.75, and the probability of it arising by chance is 10–37 .
There is an upper envelope of radio power that is a steep function of absolute
Ks magnitude. The median radio power (shown as a dotted blue line) also
increases monotonically as a function of the galaxy brightness. These results
suggest that the maximum radio power from the galaxy is dependent on the
mass of the galaxy. Less massive galaxies appear to be capable of hosting
only low radio power sources, while more massive galaxies are capable of
hosting more powerful radio sources (Kauffmann et al., 2003; Best et al.,
2005; Best, 2007). There is an apparent change in the slope of the median
radio power around Ks magnitude of –24, which suggests that there may be
two distinct processes that are responsible for the radio emission in a galaxy.
In the fainter galaxies, radio power can be attributed to star formation, i.e.,
a young stellar population going supernovae, whereas for massive galaxies,
the radio power may be dominated by an AGN (see section 4.1.3).
This type of relation between galaxy mass and radio power is also found
to exist in high redshift quasars (Browne &Murphy, 1987; Carballo et al.,
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Figure 4.2: Normalized cumulative distribution function of MKs at different radio power bins and at different
distance bins. The sample is divided into four equal distance bins [0.7, 16.1, 26.2, 60.7, 153.5]. Each panel corresponds to
one of the distance bins and increasing from left to right. Each panel shows the cumulative distribution function (CDF) of
MKs for galaxies with radio power greater than the median radio power in that bin (shown in cyan) and for galaxies with
radio power less than the median radio power (shown in pink). The cyan and the pink dashed lines represent the median MKs
for high radio bin and low radio bin respectively.
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1998; Serjeant et al., 1998; Willott et al., 1998; Sánchez &González-Serrano,
2003) and in radio galaxies (Yates et al., 1986; van Velzen et al., 2014).
Galaxies have to be massive enough to be powerful radio sources. The fact
that such a correlation exists for AGN and non-AGN population, from faint
to bright galaxies is interesting. Since the black hole mass scales with the
bulge mass (e.g., Häring &Rix, 2004), the correlation also suggests that the
black hole mass closely relates to the maximum radio power (Franceschini
et al., 1998; Laor, 2000; Liu et al., 2006). The plot also shows that there is a
broad dispersion in radio power at a given absolute magnitude even for the
most massive galaxies in our sample. This is consistent with the hypothesis
that high black hole mass is necessary but not sufficient to produce a powerful radio source. Other physical parameters such as the spin of the black
hole, accretion efficiency and other large-scale environmental effects may be
responsible for the broad dispersion in radio power (e.g., Baum et al., 1995;
Meier, 1999; Wold et al., 2007).

4.1.2

Relation between radio power and MIR color - Radiatively inefficient accretion

The origin of WISE mid-IR emission is associated with a combination
of continuum emission from dust, atomic and molecular emission lines and
features associated with PAHs that are heated by young stars and AGN,
as well as the evolved (∼ 1 Gyr) stellar population (Jarrett et al., 2013).
Shown in Figure 4.3 is a plot of the 1.4 GHz radio power against the [3.4μm –
4.6μm] infrared color. The [3.4μm–4.6μm] color is sensitive to warm/hot dust
and thus to optical/UV nuclear activity. An excess in this color identifies
galaxies in which hot dust surrounding the AGNs produces a strong mid-IR
continuum that dominates the host galaxy emission (Stern et al., 2012). This
enhanced mid-IR continuum may be associated with the dusty torus heated
by the radiation from an accretion disk. About 83% of the galaxies in our
sample lie in a narrow color range (between –0.3 and 0.1 mag), and only
a few galaxies show excess IR emission. The fact that most of the galaxies do not show a color excess indicates that the galaxies in our sample are
not associated with bright accretion disks, and if they are AGN, they are
accreting in a radiatively inefficient manner(e.g. ADAF Narayan &Yi, 1994).
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Figure 4.3: Radio power at 1.4 GHz versus WISE [3.4μm–4.6μm] color.
Galaxies marked with down arrows have upper limits in the radio. Most of
the galaxies do not show a color excess. This indicates that most of the
galaxies in the sample are not associated with bright accretion disks.
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4.1.3

Radio-MIR relation

Radio emission observed in a galaxy is non-thermal from relativistic electrons accelerated either by the AGN or by supernovae (de Jong et al., 1985;
Condon, 1992). One way to identify the origin of the radio emission is to
compare the radio flux with the far-IR flux. A correlation between radio and
infrared emission suggests that sources that are responsible for IR emission,
are also responsible for emission in the radio. Young stars with M ∼ 8 M

and above emit most of their energy in the UV which is then absorbed and
re-radiated in the IR by the dust. At the end of their lives, these massive stars explode as supernovae which accelerate the electrons to relativistic
speeds resulting in radio emission due to synchrotron. Thus, the relationship
between radio and IR emission can trace star formation activity (de Jong
et al., 1985; Helou et al., 1985).
Figure 4.4 shows the relationship between 1.4 GHz radio flux and WISE midIR apparent magnitudes. At both 12 and 22 μm , we find a correlation similar
to the radio-FIR correlation (see also Appleton et al. (2004)). We compute
the radio-MIR regression coefficients using Kaplan-Meier method so as to
consider the upper limits in the radio during the fit. We used the IRAF task
buckleyjames for this purpose and obtained the following relation:

log S1.4GHz = –0.33(±0.04)m12μm + 2.87

(4.1)

log S1.4GHz = –0.30(±0.04)m22μm + 1.96,

(4.2)

where S1.4GHz is the radio flux at 1.4 GHz and m12μm , m22μm are the apparent magnitudes at 12 and 22μm waveband respectively. The correlation
coefficient for both the relations is 0.83 and the dispersion in the regression is ∼ 0.35 dex. In terms of the MIR flux, the slopes of the radio-12
μm and radio-22 μm relation are ∼ 0.8 and 0.75 respectively which are com-

parable to the slopes obtained in previous studies of radio-MIR (Gruppioni
et al., 2003) and radio-FIR relations (which are ∼ 0.9). Unlike the tight
radio-FIR correlation, the radio-MIR relation has a high dispersion (Appleton et al., 2004), possibly because the 12μm emission is not solely due to
the dust heated by young stars, but can arise from the PAHs heated by
young/evolved stars/AGN or from the dust shells of the AGB population.
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Figure 4.4: Radio flux versus WISE mid-IR apparent magnitude. The blue stars are those galaxies that are identified
as star forming using the criterion [FUV – K] < 8.8 and [W3 – W4] > 2.0. The pink triangles are galaxies that have radio
power greater than 1022 WHz–1 and clearly fall off the radio-MIR relation determined by the linear fit. The green pentagon
symbols represent galaxies that are both star forming and have P1.4GHz ≥ 1022 WHz–1 . The rest of the galaxies are indicated
with pale blue dots. The blue dashed line is the least square regression fit to the star forming galaxies. We have excluded the
green points in the fitting process as their behavior deviates from the blue points. The down arrows are star forming galaxies
with an upper limit in the radio.
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Galaxies shown as pink triangles in Figure 4.4 have P1.4GHz ≥ 1022 WHz–1 .

Although this radio power cut was chosen arbitrarily (but with the knowledge

that star forming galaxies have P1.4GHz ∼ 1021 WHz–1 (Wrobel &Heeschen,
1991)), these galaxies show a noticeable departure from the normal radioMIR relation and follow a different relation with a slope of 0.4. Despite the
huge scatter, we notice a trend in the radio-MIR relation. These galaxies
show excess radio emission relative to their MIR fluxes, which can be attributed to an AGN origin. Thus, these galaxies are potential candidates
for being an AGN. We define 1022 WHz–1 as the threshold radio power and
henceforth, we define galaxies above this threshold as ‘radio bright’ and below the threshold as ‘radio faint’ galaxies.
The remaining galaxies are identified by pale blue dots. These are fainter
than 5 mag in 12μm and 4 mag in 22μm . Although with a large scatter, these
galaxies appear to follow the radio-12μm relation. On the other hand, in the
radio-22μm plot, these galaxies do not seem to follow the radio-22μm relation
for star forming galaxies. Also, they fall mid-way between the star forming
galaxies and the radio bright galaxies. About 28% of the radio faint galaxies
are star forming galaxies and fall on the radio-MIR correlation.

4.2

Stellar mass and SFR relation

Galaxies show a remarkably simple relation between the current SFR and
its total stellar mass. It shows the connection between the cold gas content
in a galaxy and its growth history. The relation is tight and approximately
linear in star-forming galaxies. This tight SFR – M* relation is referred to
as the star forming ‘main-sequence’(MS). The relation exists at both low
(z < 1; Brinchmann et al. (2004); Salim et al. (2007); Noeske et al. (2007);
Elbaz et al. (2007)) and at high (z > 1; Daddi et al. (2007); Santini et al.
(2009); Pannella et al. (2009); Tasca et al. (2015)) redshifts, and is found
with SFR estimates using optical (Tasca et al., 2015), infrared (Elbaz et al.,
2011) and radio (Karim et al., 2011) observations. We see in Figure 4.5
a similar correlation between SFR and galaxy mass in our sample. For
comparision we plot the correlation observed at z < 0.04 in the SDSS sample
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and Millennium ΛCDM simulation model of Elbaz et al. (2007) with blue
and green lines respectively. The SDSS sample consists of galaxies that
have blue U-g colors (Elbaz et al., 2007, see Fig 2 of). The SFR for these
SDSS galaxies were derived from the Hα emission line and corrected for dust
extinction. The slopes of the SFR – M* relation observed in the model and
in the SDSS sample (0.77 and 0.82 respectively) match the slope estimated
for our sample (slope of 0.74). The correlations from Elbaz et al. (2007) are
reproduced in Equations 4.3 and 4.4.
SFRMillennium = 1.5 × (M* /1010 M )0.82
SFRSDSS = 8.7 × (M* /1010 M )0.77

(4.3)
(4.4)

The SFRs in Elbaz et al. (2007) are almost 2 – 3 orders of magnitude
larger than observed in our sample. This could be partly because their SDSS
galaxy sample consists of blue galaxies while the galaxies in our sample are
observed to be mostly red ellipticals. In addition, our SFR estimates are
not corrected for internal dust extinction while their Hα derived SFRs are
corrected for internal dust extinction.
The tight SFR – M* relation implies that the galaxy growth is a rather
smooth, continual process. Mergers although common in the early epochs
and trigger bursts of star formation, are not the dominant process for galaxy
growth at lower redshifts (Dutton et al., 2010; Madau &Dickinson, 2014;
Hoyos et al., 2016).

4.3

AGN activity and SFR relation

The supply of cold gas to fuel star formation and AGN activity can
include galaxy mergers/interactions, the cooling of gas in the ISM or surrounding hot halo, and mass loss from stars (e.g., Heckman &Best, 2014).
The relation between radio power and SFR can provide some insight into
the source of fueling (Figure 4.6).
We see a weak correlation between radio power and galaxy mass (see Figure
4.1) which gets transferred as scatter in the radio power vs SFR relation seen
in Figure 4.6. The correlation is clearly visible and has spearman correlation
coefficient of 0.45 and the chance of spurious correlation is 10–6 . The weak
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Figure 4.5: SFR against stellar mass for our sample. The green solid
line is the correlation predicted by the Millennium hierarchical galaxy formation simulation (Eq 6 of Elbaz et al., 2007). The broken blue line is the
correlation observed in the SDSS galaxies that are star forming and have Ug magnitude bluer than the U-g=1.5 (Eq 5 of Elbaz et al., 2007). Galaxies
from our sample are shown in pink. Galaxies with upper limit to the FUV
flux are indicated with black arrows. The slope of the SFR – M* correlation
observed in our galaxy sample matches that of the SDSS galaxies in the local
Universe but the SFRs are three orders of magnitude smaller.
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correlation observed between the radio power and SFR is likely to be due to
a correlation of both radio power and SFR with galaxy mass. Such a correlation with galaxy mass would be consistent with an origin of the gas supply
which fuels the AGN and star formation, associated with the host galaxy
itself rather than a predominantly external origin (e.g., major mergers). In
this case the gas supply might be due to stellar mass loss (e.g., Faber &Gallagher, 1976; Knapp et al., 1992; Voit &Donahue, 2011) or perhaps cooling
from the ISM or halo (Binney &Cowie, 1981; Forman et al., 1985; Canizares
et al., 1987; Voit &Donahue, 2015).
Figure 4.6 also shows a broad dispersion of several orders of magnitude between the radio power and SFR (especially between 0.01 and 0.1
M yr–1 ). A similar large dispersion is observed in the radio power vs stellar
mass relation (Figure 4.1), which indicates that producing a radio source is
a complicated process that depends not only on the gas supply but also on
the gas transport mechanism, black hole spin and black hole mass, accretion
rate and the external environment (e.g., Baum et al., 1995; Meier, 1999; Wold
et al., 2007). This will naturally add dispersion to the relation between radio
power and the SFR. In addition irregular fuel supply (Tadhunter et al., 2011;
Kaviraj et al., 2014) and variability in the AGN ‘on’ phase (Hickox et al.,
2014) will further weaken the correlation.
Determining the connection between AGN feedback and star formation
from this relation is not straightforward. Although we notice that galaxies
that have low SFR do not have high radio power, it is not clear whether the
AGN is responsible for the low SFRs by suppressing the star formation via
feedback. If AGN feedback is ongoing and has suppressed star formation
even though the radio power is low, this would imply that radio power is not
a good indicator of AGN feedback. There may be other possible explanations
for the observed low radio power at low SFRs. The absence of major mergers
(as suggested above) can leave a galaxy with less cold gas, that is insufficient
for high SFR and power nuclear accretion.
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Figure 4.6: Relation between radio power and the estimated rate
of star formation.Upper limits in the radio are shown with a down arrow,
FUV with a left arrow and upper limits in both FUV and radio are shown
with an oplus symbol. Radio detections are shown in pink. The observed
weak correlation between the radio power and SFR is likely due to the fact
that both radio power and SFR are correlated with galaxy mass (Figure 4.1
and Figure 4.5 respectively).
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4.4

Relation between sSFR and galaxy mass - No
significant galaxy growth or AGN feedback

The specific star formation rate (sSFR), which is the SFR normalized
by the stellar mass, traces the star formation efficiency. The sSFR indicates fractional galaxy growth due to star formation. Figure 4.7 shows the
sSFR with respect to the absolute Ks magnitude. Radio bright galaxies with
P1.4GHz ≥ 1022 WHz–1 are indicated with pink triangles. The mean and one

sigma deviation above mean for the sSFR are shown in solid and dashed lines
respectively. The mean sSFR for the radio bright and radio faint galaxies is
nearly the same. Most of the galaxies have a low sSFR of 10–13 yr–1 . The
least square regression for the two quantities gives a flat slope slope. This
flat relation suggests that the sSFR is not a strong function of galaxy stellar
mass.
There are a few outlier galaxies (above the dashed lines) that show increased sSFR which are observed in both galaxy populations i.e. radio bright
and radio faint galaxies. The standard deviation in the sSFR is noticeably
different in the two populations. But the proportion of high to low sSFR (i.e.
above and below the dashed line) in radio bright galaxies is nearly the same
as that in radio faint galaxies. A statistical test using z-score proportionality
is calculated for these two populations on the null hypothesis that the two
population proportions are the same. The test statistic gives a p-value of 0.4
indicating that the null hypothesis cannot be rejected. What this tells us is
that, the fraction of star forming galaxies in high radio power galaxies is similar to the fraction of galaxies forming stars in low radio power galaxies. In
addition, the KS two-sample test gives a high p-value of 0.9 indicating that
the two samples are drawn from the same distribution further supporting
the idea that the distribution of the sSFR in both the samples is nearly the
same. Thus, we find that star formation efficiency is small and independent
of radio power in our sample. This suggests that our sample galaxies are not
experiencing significant growth or significant AGN feedback.
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Figure 4.7: Specific SFR vs absolute Ks band magnitude. Pink triangles indicate galaxies that have high radio power (P1.4GHz ≥ 1022 WHz–1 )
and the blue circles indicate low radio power (P1.4GHz ≤ 1022 WHz–1 ) galaxies. The average sSFR is indicated with a solid line and the deviation from
the mean is indicated with a dashed line. The average sSFR for both the
groups is small and almost equal. The results indicate that galaxies are not
experiencing significant growth or significant AGN feedback.
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Comparision to Brightest Galaxy Clusters

Observational evidence exists for AGN feedback in action in the BCG
in the form of X-ray cavities (McNamara &Nulsen, 2007; Fabian, 2012) and
shocks (McNamara et al., 2005; Fabian et al., 2006; Forman et al., 2007b) in
the ICM . Here we compare our sample with the BCG in cool core clusters.
We selected the BCGs from (O’Dea et al., 2008) (hereafter Odea08) and used
their 1.4GHz radio data and IR derived SFR. The Odea08 sample consists
of BCGs that are located in the cores of X-ray luminous clusters that have
optical line emission, thus preferentially selecting BCGs in cool cores. We
also considered BCGs from the Rafferty et al. (2006) (hereafter R06) sample.
The R06 sample consists of BCGs that show evidence of X-ray cavities indicating AGN feedback. The R06 data set provides X-ray cavity power and
mass cooling rates which are related to AGN jet power and the rate of star
formation respectively. The cavity power scales to jet radio power according
to the following relation (Equation 1 of (Cavagnolo et al., 2010) ) :
log Pcav = 0.75(±0.14) log P1.4 + 1.91(±0.18),

(4.5)

and the average mass cooling rate is ∼ 4 times the SFR (section 4.3 of (Raf-

ferty et al., 2006)) which is within the range of 3-10 suggested by O’Dea
et al. (2008).
In Figure 4.8 we plot the radio power as a function of SFR extending the
relation to the BCGs. Our galaxy sample follows broadly along the R06 line
thus extending the relation from weak radio power galaxies to more radio
powerful galaxies in clusters . It covers about eight orders of magnitude in
both radio power and in SFR. However, there is a scatter about this relation which spans roughly four orders of magnitude. A Spearman test for the
combined sample indicates a strong correlation with a correlation coefficient
of 0.78 and the probability of it arising by chance is ∼ 10–32 . Thus, the

plot shows a general trend between SFR and the radio power across several
orders of magnitude. The relation in the plot suggests that the fuel supply
for the triggering of star formation and the AGN has a common origin. We
suggest that the same factors that introduce scatter to the radio power vs
stellar mass relation, contribute to the scatter here as well. These include gas
supply mechanisms, the amount of gas available for fueling AGN and star
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formation, and the relative differences in life cycles of the star formation and
AGN activity. Although these factors contribute to the scatter, the relative
contributions of these factors remains uncertain.
The average radio power of the BCGs is ∼ 1024 WHz–1 . For effective

mechanical feedback via heating, the radio source should have P1.4GHz ∼

1024 – 1025 WHz–1 (Best et al., 2006). The majority of the galaxies in our
sample have radio powers below this value. These results are consistent with
weak (or negligible) AGN feedback in our sample.
Comparision of sSFR
To estimate the total stellar mass for the Odea08 sample, we used flux
measurements in the 3.6 μm and 4.5 μm IRAC bands. The redshift range of
this sample is between 0.017 to 0.25. The redshifted light falls within the
IRAC bandwidth. A simple and yet robust conversion between the stellar
mass and infrared flux is given by (Eskew et al., 2012):
M* =

–1.85
105.65 F2.85
3.6 F4.5




D 2
0.05

(4.6)

where M* is in M , D is in Mpc, F3.6 and F4.5 are in Jy. We used the luminosity distance estimates to these BCGs from NASA/IPAC Extragalactic
Database (NED) 1 with cosmological parameters for Ho =71 km s–1 Mpc–1 ,
ωmatter =0.27 and ωvaccum =0.73. The F3.6 and F4.5 estimates are taken from
Quillen et al. (2008).
The average stellar mass we obtained for the Odea08 sample is 2.3 ×

1011 M , which is comparable to the average stellar mass of BCG’s at low
redshifts (Liu et al., 2012; Fraser-McKelvie et al., 2014). We plot the radio
power against the sSFR in Figure 4.9. The average sSFR for the BCG is
3.6 × 10–11 yr–1 which is roughly two orders of magnitude higher relative to

the local early type galaxies. We see that both the star formation efficiency
and the radio power are higher in the BCGs than in our sample. This

suggests that although feedback is likely present in the BCGs (e.g., Fabian,
2012), it is not sufficient to completely suppress star formation (e.g., O’Dea
1

http://ned.ipac.caltech.edu/
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Figure 4.8: Radio power at 1.4GHz versus SFR - Comparing our
sample with the BCGs. The markers in pink and black are the galaxies
in this study where detections are indicated in pink and upper limits with a
black arrow. The blue triangles and green stars are the BCGs from (Rafferty
et al., 2006) and (O’Dea et al., 2008). The solid blue line is the best fit line
(log P1.4GHz = 1.08 log SFR + 24.0)to the BCGs in R06 sample. The mean
radio power of the BCGs is ∼ 1024 WHz–1 . The spread in the correlation
suggests various possibilities such as different sources of gas supply, black
hole spin, accretion rate and a time delay between the triggering of star
formation and AGN activity.
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Figure 4.9: Radio power versus sSFR - Comparing our sample with
Odea08 sample. The description of the legend is same as that of Figure
4.8.
et al., 2008; Tremblay et al., 2012b, 2015).

4.6

Summary - Role of AGN feedback

We collected multiple wavelength data (radio, IR and UV ) for a sample
of 231 early type galaxies at z < 0.04 and analyzed the properties of star
formation and radio mode feedback. The main results are as follows.

4.6.1

Star Formation

The SFR in our sample tend to be low (< 1M yr–1 ) and only 7% of
the galaxies show obvious signs of ongoing star formation via the [FUV –
Ks ] and [12μm – 22μm] colors. In addition, the sSFR is very small. The mean
sSFR of our data set is ∼ 10–13 yr–1 which is roughly two to three orders of

magnitude lower than the sSFR observed in the SDSS galaxy sample at z ∼ 0
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(Elbaz et al., 2007). The star forming galaxies trace a radio-MIR correlation
similar to that seen in other samples of star forming galaxies. These results
indicate that galaxy building in early type galaxies has essentially ceased at
the present epoch.

4.6.2

AGN Radio Properties

The Radio-MIR relation shows that galaxies with P ≥ 1022 WHz–1 have

radio power in excess of that expected to be produced by the estimated star
formation rates and thus are potential candidates for being radio AGN. Only
∼ 20% of the galaxies in our sample have P ≥ 1022 WHz–1 . Only a few of
the high radio power galaxies show excess 4.6 μm flux, an indication of hot
dust heated by an accretion disk. This indicates that the majority of the
radio AGN are accreting gas in a radiatively inefficient manner (Ho, 2009).
There is an upper envelope of radio power that is a function of galaxy
stellar mass (and thus BH mass) suggesting that the maximum radio power
scales with galaxy (BH) mass. The large scatter in the relation between radio
power and galaxy stellar mass suggests that high black hole mass is necessary
but not sufficient for producing a radio loud AGN. This is consistent with
additional parameters (such as BH spin, accretion rate) playing an important
role in determining radio power.

4.6.3

Relation between Radio and Star Formation Properties

The sSFR is independent of radio power in our sample, suggesting that
radio mode feedback is not having a significant effect on star formation efficiency in these galaxies. Alternately, radio power may not be a good proxy
for radio mode feedback or the feedback is episodic.
The correlation between radio power and SFR is weak, and if real may be
due to a correlation of both radio power and SFR with galaxy stellar mass.
This would suggest that the host galaxy is the source for the fuel (e.g.,
stellar mass loss for lower mass galaxies and cooling from the ISM/halo for
more massive galaxies) for star formation and AGN activity in these galaxies.
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Two samples of cool core BCGs lie on the same relation for radio power
and SFR as our sample over a range of eight orders of magnitude. Although
both star formation and radio mode feedback are constrained to be very low
in our sample, the BCG samples exhibit both at high levels. The relatively
low radio power in our sample compared to the average radio power of the
BCGs (i.e. ∼ 1024 WHz–1 ) suggest that there may be a threshold in the

radio power that is needed for the feedback from the AGN to affect the star
formation in the host galaxy.
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5

HST COS OBSERVATIONS OF ABELL 2597
AND ZW3146 COOL-CORE BCGS

Heating by AGN through outflows has gained fundamental importance
in the study of large-scale structure and galaxy formation. AGN heating at
the centers of galaxy clusters is often invoked to quench the radiative cooling of the hot ICM onto the brightest cluster galaxy (BCG). However, in
cool-core clusters where the ICM cooling rate is shorter than the age of the
cluster, AGN heating does not completely offset radiative losses and significant additional ionization mechanism is necessary to explain the observed
temperature and line ratios of the filamentary emission line nebulae around
the cool core BCGs. In an effort to find the source of this mysterious ionization, we have obtained deep FUV spectroscopy using the HST cosmic
origins spectrograph of the filaments of two cool-core galaxy clusters A2597
and ZW3146. Spectral diagnostics in the FUV are capable of discriminating
between various heating models (stellar photoionization, thermal conduction,
cosmic ray heating and shock heating).

5.1

HST COS Overview

The Cosmic Origin Spectrograph (COS) (Osterman et al., 2011; Green
et al., 2012) was installed on the Hubble Space Telescope (HST) in 2009
during a servicing mission. It is a slitless spectroscopic instrument designed
to operate in the UV wavelength range of 1150 – 3200 Å with high sensitivity
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but moderate to low resolution (λ/Δλ ∼ 1000 – 20, 000). High and improved

sensitivity is achieved through advanced fabrication techniques that allow for
only a single reflection of the incident UV light before hitting the detector,
thus, reducing the losses due to multiple reflections employed in previous
instrument designs.
COS has two science apertures and two for calibration. The two science
aperture are the Primary Science Aperture (PSA) and the Bright-Object
Aperture (BOA). Both the apertures are of 2.5 arcsecond diameter and
transmit 95% of the light to enter the spectrograph. The BOA contains
a neutral density filter that allows it to be used for observations requiring
flux attenuation. After passing through the aperture, the light encounters
any of the selected gratings.
COS has two channels – a far-UV (FUV) channel in the range 1150– 2050
Å and near-UV (NUV) channel in the range 1700 – 3200Å. The FUV channel consists of one low resolution grating (G140L) and two medium resolution gratings (G130M and G160M). These gratings are concave and have
holographically-generated grooves to provide dispersion and correct for astigmatism. They have aspherical surfaces to correct for HST’s spherical aberration. The dispersed and corrected light is then focussed onto a detector.
The FUV channel uses a detector that has two side-by-side 16384 × 1024
pixel Microchannel Plates (MCPs) with cross-delay line readout. The MCPs

amplify the incoming signal prior to detection. The NUV channel has one
low resolution (G230L), three medium resolution gratings (G185M, G225M,
G285M) as well as an imaging mode with approximately 1 arcsecond field
of view. The NUV gratings are flat and are not holographically generated.
The collimated light is fed to one of the four selected grating. The diffracted
light is reflected by three mirrors to direct it to each of the separate stripes
on a 1024 × 1024 pixel cesium telluride Multi-Anode Microchannel Array

(MAMA) detector.
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5.2

Overview of Abell 2597

Abell 2597 (A2597) is an Abell richness class 0 galaxy clusters with a
total X-ray luminosity of LX = 6.45 × 1044 erg s–1 (2-10 keV David et al.,

1993). It is host to a centrally dominant elliptical BCG at a redshift of
z = 0.0821 (Voit &Donahue, 1997). The BCG is a luminous FR I type radio
source PKS 2322-122 (Wright &Otrupcek, 1990) and exhibits a LINER-like
optical spectrum. The radio source features two extended ∼ 8 kpc lobes at
8.4 GHz with steep spectrum (α = –1.7, where Sν ∝ να ). The lobes extend in

the northeast/southwest direction along the minor photometric axis of the
galaxy. The total X-ray luminosity of the cluster predicts a cooling flow with
a mass cooling rates of ∼ 300 – 600 M . A2597 displays a central cooling

flow (Crawford et al., 1989), however model fits to the X-ray spectra show
that only 10% of the hot gas is cooling to low temperatures. It shows cooling
rates of 90 M yr–1 in the central 100 kpc region (Morris &Fabian, 2005),

and drops to ∼ 20 M yr–1 in the central 40 kpc surrounding the BCG (Mor-

ris &Fabian, 2005). It has extensive, luminous optical and UV line-emitting
filaments (Hu, 1988; Heckman et al., 1989; Crawford &Fabian, 1992) with
diameter of ∼38 kpc; Heckman et al. (1988). The central optical colors of
the BCG are considerably bluer than that of a typical giant elliptical galaxy
(Crawford &Fabian, 1992; McNamara &O’Connell, 1993). Bright blue regions are located near the radio lobes and appear to interact with the lobes
causing a bend in the radio structure (McNamara &O’Connell, 1993; Sarazin
et al., 1995). Spatially extended, turbulent H I clouds possibly associated
with the emission line nebula, are detected(O’Dea et al., 1994a). Sarazin
et al. (1995) suggested that the radio jets were deflected and disrupted when
the radio plasma collided with the H I clouds. Being at low redshift, A2597
has been extensively studied at multiple wavelengths (Xray – Crawford
et al., 1989; Sarazin et al., 1995; Sarazin, 1997; Tremblay et al., 2012a,b);
(UV/optical – McNamara &O’Connell, 1993; Voit &Donahue, 1997; McNamara et al., 1999; Koekemoer et al., 1999; Oegerle et al., 2001; O’Dea et al.,
2004; Jaffe et al., 2005; Oonk et al., 2011); (IR – McNamara &O’Connell,
1993; Voit &Donahue, 1997; McNamara et al., 1999; O’Dea et al., 2004; Jaffe
et al., 2005; Donahue et al., 2007, 2011); (sub-mm – Edge et al., 2010); (radio – O’Dea et al., 1994a; Sarazin et al., 1995; Taylor et al., 1999; Donahue
et al., 2000; Pollack et al., 2005; Clarke et al., 2005).
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5.2.1

Emission Line Nebulae in A2597

Morphology of the multi-phase gas
The emission line nebulae in the A2597 BCG has been extensively studied in the past two decades. The BCG harbors bright optical emission line
nebulae with complex filamentary morphology. It has been classified as ’class
II’ type nebula where the [N II]/Hα is weak while [S II]/Hα is strong (Heckman et al., 1989). There is a close association between the morphology of
the filaments and the inner high-frequency radio lobes. Figure 5.1 shows a
collage of HST images of A2597 in the FUV, optical and IR and radio. The
FUV continuum, Lyα, Hα and blue optical continuum, O II and H2 images
show diffuse emission together with bright knots and filaments that extend
from the center of the galaxy. These knots and filaments are observed to be
nicely aligned with the edges of the radio emission (Donahue et al., 2000;
O’Dea et al., 2004). In contrast to the diffused emission seen in the FUV
and optical continuum and emission line maps, the 1.6 μm stellar continuum
image shows very little dust absorption, except for a dust lane extending
southeast from the nucleus. Interestingly this dust lane also traces the edges
of the radio lobes (Donahue et al., 2000). These observations suggest that
the radio source is interacting with the ambient gas and dust, possibly triggering star formation in these regions (O’Dea et al., 2010). Radio emission
at low-frequency has also been detected and is associated with the X-ray
cavities located ∼ 30 kpc from the central galaxy (McNamara et al., 2001).

These cavities were formed by an earlier AGN outburst that occurred between 50 – 100 Myr ago (McNamara et al., 2001).

Properties of the nebula
Spectroscopically, A2597 is classified as a LINER type AGN in the famous
BPT diagram (named after ‘Baldwin, Phillips & Telervich’, Baldwin et al.
(1981)). BPT diagrams are a set of optical emission line ratio diagrams
used to distinguish gas ionization mechanisms and aid in distinguishing H
II regions from AGNs. The well-known BPT diagram version consists of
forbidden line to Balmer line ratio for example, [NII] λ6584/Hα versus [OIII]
λ5007/Hβ. These ratios are proxies for the hardness of the incident radiation.
Larger values indicate a harder spectrum. LINER galaxies have lower [OIII]
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(a) Ly-alpha + Radio

No. 1, 2004
(c) OII Emission

(b) H-alpha+N II + Radio

HST FAR-UV OBSERVATIONS OF A1795 AND A2597
(d) H2 Emission

Fig. 6.—A2597 (PKS 2322"123): Montage of HST images and VLA 8.4 GHz image. The FUV continuum (a) and Ly! images (b, e) are from our STIS
observations. The other data (c, d, f ) are archival WFPC2 observations. The Ly! emission-only image (b) is derived by subtracting (a) from (e). The H! +[N ii]
emission image is derived by subtracting the H-band continuum from the WFPC2 F702W image. The blue optical continuum (c) is derived by subtracting the [O ii]
emission in the F410M image from the F450W image ( f ). To bring up low surface brightness emission, the Ly! and FUV continuum images are smoothed with a
Gaussian with $ of 5 pixels. Note the tendency for the continuum knots and the emission-line gas to align along the edges of the radio lobe. The VLA image is
courtesy of Craig Sarazin (Sarazin & McNamara 1997). The field of view is 12 00 ; 12 00 .
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Figure 5.2: BPT diagram of A2597 showing its position in the LINER category. The filled black points and squares are respectively the nuclear and
off-nuclear pointing of A2597. The grey plus symbols are starburst galaxies
and the grey open diamonds are AGN. The filled black diamonds and triangles are measurements for A2204 and S159 respectively. The black cross
symbols are BCGs from Crawford et al. (1999). This figure has been reproduced here with permission from Oonk (2011).
λ5007/Hβ relative to [NII] λ6584/Hα. Figure 5.2 shows the position of
A2597 with respect to star-forming and AGN galaxies. It also shows that
the nuclear region of A2597 has higher values of [OIII] λ5007/Hβ compared
to its off-nuclear region.
Deep optical spectroscopy of the central BCG by Voit &Donahue (1997)
revealed several properties of the nebulae. Gas densities are commonly traced
in the optical regime using the forbidden line ratios [OII] λ3729/[OII] λ3726
and [SII] λ6717/[SII] λ6731. The strength of the forbidden lines is sensitive
to the electron density. Lower values for these line ratios imply a higher
density at a given temperature. High densities can collisionally de-excite the
forbidden transitions. In A2597, the gas density obtained using the [S II] line
([S II]λBPT
6717/6731)
is found
to Log
be ne[OIII]5007/Hβ
= 100 – 300 cm vs.(Voit
Figure 6.12 —ratio
Observed
diagrams.
(Top)
Log&Donahue,
[NII]6548/Hα. (Bottom)
Log [OIII]5007/Hβ vs. Log [OI]6300/Hα. The [OIII]5007/Hβ ratio drops by a factor of about 3 for each
of the BCGs from the nuclear to the oﬀ-nuclear regions. In contrast the [OI]6300/Hα ratio drops by
98
only about 25 per cent over the same area. The filled black points are measurements for
A2597, A2204
and S159 along their respective slits. The arrow indicates how the line ratios evolve with distance from
the nucleus. The black X-symbols are BCGs from Crawford et al. (1999). Only those BCGs for which
the lines have been measured with a signal-to-noise of at least 3 are plotted here. The grey crosses are
starburst galaxies and the grey diamonds are AGN. Both samples are taken from the Sloan Digital Sky
Survey (M. Shirazi & J. Brinchmann in prep.). Note that for clarity reasons we have omitted to plot
–3
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1997), which is typical of the inner regions of cooling flow nebulae (Heckman
et al., 1989). It decreases with increasing distance from the nuclear region
to ∼ 50 cm–3 (Oonk et al., 2011). The column density of the ionized gas

is estimated to be NHII ∼ 3 × 1019 cm–3 . The line ratios [OII], [SII] and
Hδ/Hα provide constraints on the electron temperature which indicates that
it is between 9500 < Te < 12000 K (Voit &Donahue, 1997). This range is
consistent with the measurements obtained using [NII] λ(6548+6584)/[NII]
λ5755 ratio by Oonk et al. (2011). The ionization levels are estimated to be
low in the plasma as seen from the observed H II column, from the [O III]/Hβ
ratio (Voit et al., 1994), and also from the low He II λ4686/Hβ ratio(≈ 0.02)
(Voit &Donahue, 1997). The ionization parameter U defined as the ratio
of the ionizing photon density to the number density of hydrogen atoms is
U ∼ 10–4 in the nebula (ionized column density, NHII ∼ 1023 U cm–2 , Voit
&Donahue (1997)). The nuclear region has higher ionization parameter than
the off-nuclear region (Oonk et al., 2011).
Energetics - Review of previous studies
Several studies on the role played by various ionizing sources have been
made in the past, however, no definite conclusion has been drawn yet. The
observed optical line emission (Voit &Donahue, 1997), FUV (O’Dea et al.,
2004) emission and molecular emission (Donahue et al., 2000) is inconsistent with shocks being the primary source of the energy. Shock models for instance predict RIII = F F4363
to be ≈ 0.05 – 0.07. How4959 +F5007
ever, non-detection of [O III] λ4363 and relatively weak [O III] λ5007 indicated that shocks do not dominate the global ionization (Voit &Donahue,
1997). FUV spectroscopic observations by O’Dea et al. (2004) did not however rule out intermediate-velocity shocks (300 – 400 km s–1 ). The observed
Hα/H2 (∼ 1.5 – 10) ratio is far lower than predicted by the shock models,
since fast moving shocks can effectively dissociate molecular hydrogen and
produce thick ionization regions (Donahue et al., 2000).
The estimated SFRs in A2597 are between ∼ 10 – 100M yr–1 (O’Dea

et al., 2004). The FUV continuum observations are consistent with hot

young stars being able to contribute the bulk of photons required to ionize
the nebula (O’Dea et al., 2004). However, stars alone are argued to be too
cool to produce the observed emission lines in A2597. The stellar continuum
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emission is not hard enough to produce the observed high temperatures of
9500 < Te < 12000 K in A2597 (Voit &Donahue, 1997) and strong forbidden
lines suggesting an additional ionizing source.

5.3

Overview of Zw3146

Zw3146 is an X-ray luminous galaxy cluster with a soft X-ray luminosity
of 2 × 1045 erg s–1 (Ebeling et al., 1998). It has a redshift of z = 0.281 .

A ROSAT HRI image shows that it exhibits one of the strongest cooling

flows with estimated gas cooling rates of 1250 M yr–1 (Edge et al., 1994).
The BCG shows excess blue continuum, luminous optical line emission (Hα
luminosities exceed 8 × 1042 erg s–1 ) (Allen et al., 1992; Hicks &Mushotzky,

2005) and luminous infrared emission (LIR = 4 × 1011 L ) with strong
aromatic emission features. It also exhibits exceptionally strong molecular
hydrogen emission lines and has large amounts of warm and cold H2 gas
(mass of ∼ 1010 M

and ∼ 1011 M

respectively) (Egami et al., 2006a).

All these features indicate Zw3146 to be hosted by a starburst-dominated
cool core BCG with SFRs of ∼ 70 M yr–1 (estimated from IR luminosity

(Egami et al., 2006b)). In contrast to the luminous optical and infrared
emission, the BCG is not a powerful radio source (P1.4GHz < 1025.2 WHz–1 )
(Allen &Fabian, 1994). Figure 5.3 shows the FUV image and continuum
subtracted Lyα image. Unlike A2597, the FUV image of the Zw3146 BCG
is smooth and less clumpy. The Lyα shows small filamentary structure.

5.4
5.4.1

FUV COS observations and data processing
Observations

Observations of A2597 and Zw3146 were obtained with the FUV G140L
low resolution grating (λ/Δλ ∼ 1500– 4000), 2.5" aperture slit-less COS (Os-

terman et al., 2011; Green et al., 2012) onboard the Hubble Space Telescope
during Cycle 21 (Proposal ID 13304; PI: Grant Tremblay). The FUV channel of the instrument is sensitive across the 900 to 2150 range. The detector
consists of two 16384 x 1024 pixel segments, referred to as FUV segments A
and B covering wavelength ranges from 1280-2405 and 900-1165 respectively.
The aperture was positioned in the nuclear and off-nuclear filament regions
of A2597, and in the off-nuclear region of ZW3146. The exposures on the
100
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filaments for each object spanned 9 orbits (∼ 25 ksec). A short exposure,
during a 5-orbit pointing is made on the nucleus of A2597. The grating was
tuned to a central wavelength of 1280. The instrument configurations, integration time and other details are summarized in Table 5.4.1. The spectra
were obtained using the TIME-TAG mode to allow temporal sampling, improved thermal correction, and exclusion of poor quality data from the final
co-addition. The spectra were reduced and calibrated using the standard
COS pipeline (which uses the task CALCOS in the IRAF STSDAS package). The one-dimensional calibrated spectra are stored in a two-row table,
corresponding to segments A and B.

102

RA

23 25 19.838
23 25 19.670
10 23 39.789

Location

A2597-Filament
A2597-Nucleus
ZW3146-Filament

-12 07 21.91
-12 07 25.79
+04 11 08.86

DEC

26-Oct 2014
30-Oct 2014
02-June 2014

Date

G140L
G140L
G140L

Grating

1280
1280
1280

λcentral
(Å)

Table 5.1. HST/COS observations of A2597 and ZW3146

25765.408
13952.640
25279.328

texp
(s)
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5.4.2

Galactic extinction

To account for the extinction due to the Milky Way, we follow the extinction curve empirical representation from (Fitzpatrick &Massa, 1990) together with (Fitzpatrick, 1999). The extinction curve is then applied to the
spectrum using the extinction at V band A(V) obtained from NED.
A UV extinction curve can be empirically represented by a combination of
three basic elements (Fitzpatrick &Massa, 1990):
1. linear background parameterized by two terms, intercept (c1 ) and slope
(c2 );
2. a Lorentz-like profile D(x;γ, xo ) that represents the 2175Å bump. The
profile is defined by three parameters corresponding to bump width
(γ), bump central position xo , and bump strength c3 ;
3. FUV curvature term, identified by F(x)
The complete parameterized function is represented by:

k(x – V) = c1 + c2 x + c3 D(x; γ, xo ) + c4 F(x)

(5.1)

where,
D(x; γ, xo ) =

x2
(x2 – x2o )2 + x2 γ2

(5.2)

and
(
F(x) =

0.5392(x – 5.9)2 + 0.05644(x – 5.9)3 for x ≥ 5.9 μm–1

0

for x ≤ 5.9 μm–1

(5.3)

where x = 1/λ,
c2 = –0.824 + 4.717R–1 ,
c1 = 2.030 – 3.007c2 .
The mean values of other parameters are xo = 4.596μm–1 , γ = 0.99μm–1 , c3 =
3.23, andc4 = 0.41.
The extinction curve is then applied to the FUV spectrum using k(λ –
V) = A(λ)/A(V). A(V) is obtained from NED and uses dust reddening
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measurements from Schlafly &Finkbeiner (2011).

5.4.3

Emission line profile fitting

The extinction corrected spectrum was redshifted and the emission line
fluxes were calculated using custom-made python scripts that fit gaussian
to the emission lines using Monte Carlo method. A portion of spectrum
centered on the emission line was selected. A gaussian noise distribution
was created with zero mean and standard deviation equal to the average of
the standard deviation of the left and right continuum of the selected line
segment. The gaussian noise was added to the line segment and line-fitting
is performed. We used a two-component model (linear+gaussian) to simultaneously fit both the continuum and the emission line. This step of adding
the noise and fitting a gaussian profile is repeated 100 times. This gives a
distribution in each free parameter of the model namely central wavelength,
line width, line amplitude, and the continuum flux. The median of each
distribution gives the most likely values of the fitted line and the interquartile range provides a robust uncertainty on the parameter value. For the
undetected lines, we estimated flux upper limits by placing a mock gaussian
emission line at the wavelength of interest with the line width of the strongest
line (assuming that all transitions share the same kinematics) and decreasing the amplitude of the line until the detection significance dropped below
3σ, where σ is the rms noise of the continuum line segment. The measured
properties of the detected emission lines and upper limits of non-detections
have been tabulated in Tables 5.2, 5.3, and 5.4.

5.4.4

FUV spectrum of A2597 nucleus

The FUV spectrum of the nucleus of A2597 reveals several UV diagnostic
lines with Lyα being the most prominent line. The full FUV spectrum is
shown in Figures 5.4 and 5.5. Table 5.2 lists the detected lines and
upper limit flux for the undetected lines. The detected lines include Lyα,
O VI λ1032, N V λ1240, C IV λ1549, He II λ1640, N III] λ1750 of which,
only Lyα and O VI λ1032 were detected earlier by O’Dea et al. (2004) and
Oegerle et al. (2001) respectively. The detected lines are shown in Figure
5.6. The detection of these lines can be used to investigate the unknown
ionizing mechanism. The C IV λ1549 line for instance stems from 105 K
105
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Figure 5.4: FUV spectrum from segment B of the nucleus of A2597 shown
at the observed wavelength. Detected line O VI λ1032is marked. N I is an
FUV airglow line. The spectrum is smoothed using a boxcar kernel of width
7.
gas, and might trace an embedded thermal conductive interface between hot
107 K gas and the cooler 104 K gas phases (Sparks et al., 1989). O’Dea
et al. (2004) showed that Lyα emission is both diffuse and exhibits bright
knots and filaments that are associated with the edges of the radio emission.
These features are also seen in the molecular gas phase as well (Donahue
et al., 2000).

5.4.5

FUV spectrum of A2597 filament

The FUV spectrum at the northern filament of A2597 showed nondetections of several of the diagnostic lines that could discriminate between
various ionizing models. Figure 5.7 shows the full FUV spectrum obtained
in the filamentary region of A2597. Lyα is the only strong line detected in
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Figure 5.5: FUV spectrum from segment A of the nucleus of A2597 shown
at the observed wavelength. Notable detected lines are marked and include
Lyα, N V λ1240, C IV λ1549, He II λ1640. O I is an FUV airglow line.
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Figure 5.6: FUV lines detected in the nucleus of A2597. All the detections
are above 3σ. The central wavelength of each line is marked above the
spectral line. The gaussian fit to the line is shown in red. The dashed green
line is the continuum fit. The spectrum is smoothed using a boxcar kernel
of width 7.
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this spectra. There is a tentative detection of He II λ1640and CII λ1335 at
4σ and 3σ respectively. The gaussian fit to these lines is shown in Figure
5.8 and 5.9. This is the first time that these lines have been detected in
the filamentary region of the BCG. Earlier FUV observation made by O’Dea
et al. (2004) detected only Lyα. Table 5.3 lists lines that are detected and
non-detected and their properties.

5.4.6

FUV emission of ZW3146 in the off-nuclear region

FUV spectrum was taken in the off-nuclear region of the starburst ZW3146
BCG. The spectrum covers wavelength range between C III λ977 and N II
λ1750, but due to the ringing effect at the edge of the filter, data only for
a short wavelength range between O VI λ1032and C IV λ1549could be retrieved. The spectrum is shown in Figure 5.10. Lyα is the only detected
emission line. Table 5.4 lists the upper limits for the non-detected lines.
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Figure 5.7: FUV spectrum from segment B and A of the filament of A2597 in the observed wavelength. Marked O I and N
I lines are FUV airglow line. Lyα is the strongest line detected. There is greater than 3σ detection of He II λ1640and C II
λ1335which is shown in Figure 5.8 and 5.9.
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Figure 5.8: He II λ1640line in the filamentary region of A2597. He II
λ1640line is detected at 4σ. The central wavelength of the line is marked
above the spectral line. The gaussian fit to this line is shown in red in the
inset. The spectrum is smoothed using a boxcar kernel of width 27.
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Figure 5.9: C II λ1335line is detected at 3σ in the filamentary region of
A2597. The central wavelength of the line is marked above the spectral line.
The gaussian fit to this line is shown in red in the inset. The spectrum is
smoothed using a boxcar kernel of width 27.
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Figure 5.10: ZW3146 off-nuclear FUV spectrum. The spectra has been smoothed using boxcar kernel of width 7. Lyα is the
only line that has been detected. N I and O I are FUV airglow lines.
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§

†

...
...

CIII λ977
NIII λ991
OVI λ1032
Lyα λ1216
NVλ 1240
CIIλ1335
Si λ1393
SiIVλ1402
CIV λ1549
HeII λ1640
CI λ 1656
NIII] λ1750
CIII λ1909†
CII λ2326†
MgIIλ 2797†

...
...
4.51±0.463
6.92±0.007
7.78±0.695
...
...
...
6.48±0.386
6.34±0.381
...
2.47±0.247
10.5
25.0
25.0

FWHM
()
...
...
0.892±0.083
132.1±0.137
0.956±0.083
0.537
0.508
0.488
1.893±0.111
1.438±0.088
0.710
0.358±0.0739
0.016§
0.035§
0.071§

Ft
(10–15 ergs–1 cm–2 )
...
...
0.265
0.201
0.23
0.287
0.267
0.263
0.254
0.207
0.237
0.139
...
...
...

Fc
(10–15 ergs–1 cm–2–1 )

Upper limit to the line flux is given by 3 × rms × FWHM

Reproduced from (O’Dea et al., 2004)

<
<
<

<

<
<
<

Limit

Line λ

....
...
0.051
0.047
0.033
0.084
0.081
0.075
0.072
0.051
0.184
0.039
0.0005
0.00046
0.00095

rms
(10–15 ergs–1 cm–2–1 )

Table 5.2. Emission line properties of the nucleus of A2597
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CIII λ977
NIII λ991
OVI λ1032
Lyα
NV1240
CII λ1335
Si λ1393
SiIVλ1402
CIV λ1549
HeII λ1640
CI λ1656
NIII] λ1750
CIII λ1909
CII λ2326

Line λ

<
<
...
...

<
<
<

<

...
...
<

limit

FWHM
()
...
...
...
7.07±0.01
...
3.91±0.642
...
...
...
6.46±0.303
...
...
...
...

Ft
(10–15 ergs–1 cm–2 )
...
...
0.25
22.01±0.021
0.077
0.063±0.001
0.11
0.105
0.205
0.252±0.014
0.273
0.42
...
...

Fc
(10–15 ergs–1 cm–2–1 )
...
...
0.043
0.012
0.017
0.019
0.018
0.019
0.029
0.019
0.023
0.013
...
...

rms
(10–15 ergs–1 cm–2–1 )
...
...
0.081
0.011
0.023
0.005
0.029
0.029
0.058
0.010
0.083
0.014
...
...

Table 5.3: Emission line properties of the filament of A2597
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CIII λ977
NIII λ991
OVI λ1032
Lyα
NVλ1240
CII λ1335
SiIV λ1393
SiIVλ1402
CIV λ1549
HeII λ1640
CI λ1656
NIII λ1750
CIII λ1909

Line λ

<
<
<
<
<
...
...
...
...

...
...
<

limit

FWHM
()
...
...
...
5.93±0.009
...
...
...
...
...
...
...
...
...

Ft
(10–15 ergs–1 cm–2 )
...
...
0.261
15.72±0.027
0.413
0.473
0.499
0.527
1.956
...
...
...
...

Fc
(10–15 ergs–1 cm–2–1 )
...
...
0.104
0.054
0.143
0.133
0.107
0.113
0.147
...
...
...
...

rms
(10–15 ergs–1 cm–2–1 )
...
...
0.053
0.016
0.009
0.113
0.131
0.137
0.603
...
...
...
...

Table 5.4: Emission line properties at the off-nucleus pointing of ZW3146
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CHAPTER

6

IONIZATION MECHANISM OF A2597 AND
ZW3146 FILAMENTS

There are various ionizing source mechanisms considered in the literature
to explain the observed line properties of the optical filaments in cooling flow
nebulae, but there are no consensus on the predominant source model that
matches with the emission-line spectra and energetics of the system. Mechanisms that potentially contribute to the powering of the emission line nebulae include thermal conduction between the ICM and filament (Sparks et al.,
1989; Narayan &Medvedev, 2001; Fabian et al., 2002; Voit et al., 2008; Sparks
et al., 2012), fast and slow shocks (e.g., McDonald et al., 2012), X-ray heating
via secondary electrons (Heckman et al., 1989; Voit et al., 1994), magnetic
reconnection (Soker &Sarazin, 1990), convection (Chandran &Rasera, 2007),
and, cosmic ray (energetic particle) heating (Ferland et al., 2009; Donahue
et al., 2011; Mittal et al., 2011; Johnstone et al., 2012). The complication
in this study is that, the optical line ratios (e.g., [O III] λ5007/Hβ versus
[N II] λ6583/Hα, one of the standard optical diagnostic diagrams) are not
unique diagnostics of the source of ionization. One can predict the same line
intensities for some lines with different heating models. This makes the task
of identifying the source of ionization rather difficult, one of the primary
reasons why the emission line nebulae are still debated. Several authors
have searched for specific line ratios that are able to separate for instance
shock heating, AGN photoionization and ionization due to stars. It has been
suggested that near-infrared line ratios (with combinations of sulphur and
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oxygen forbidden lines [S II] λλ6717, 6731, [S III] λλ9069, 9532, and [O II]
λλ7320, 7330) can also be used to distinguish between shock and photoionization mechanisms (Diaz et al., 1985; Kirhakos &Phillips, 1989; Osterbrock
et al., 1992). The observed line ratios of AGNs however either fall in-between
the models or lay scattered with respect to the models (Kirhakos &Phillips,
1989).
UV lines provide a potential means to discriminate between the models (Allen et al., 1998). Figure 2 of Allen et al. (1998) shows a sample UV
diagnostic diagram and demonstrates the well separated shock only grids,
shock + precursor and power-law photoionization model using the UV and
UV-optical diagnostics. The UV line ratios of particular interest are N III
λ991, N III] λ1750, C III λ977, C IV λ1549, C III] λ1909, C II] λ2326, and He
II λ1640, and in combination with the optical line ratios ([O III] λ5007/Hβ
and [Ne V] λ3426/[Ne III] λ3869). C IV λ1549, C III λ977, and N III λ991
are collisionally excited lines and are emitted at temperatures 2 × 104 – 105

K. The strength of the C IV λ1549 line is especially useful to separate shock
and photoionization model predictions. The C IV λ1549 line intensity is
primarily determined by the ionization state and increases with increasing
ionization parameter. The C IV λ1549 to C III] λ1909 has the advantage
of being independent of abundance. [Ne V] λ3426 is a high-ionization line
and is strong in shocks similar to the C IV λ1549 line. He II λ1640 is a
recombination line. Unlike the collisionally excited lines, it’s strength is not
a strong function of the ionization parameter. For this reason, it is often
used as a standard reference line at UV wavelengths.
We discuss some of the ionizing mechanisms in the following sections.

6.1

Shock Heating

High velocity radiative shocks provide an efficient means of generating a
strong field of ionizing photons (Dopita &Sutherland, 1995, 1996). Shocks
can be driven by several methods such as supersonic radio ejecta from an
AGN, outflows from young stellar objects, supernova explosions, planetary
nebulae expansion, or from the accretion of in-falling gas. The source of energy is the kinetic energy of the shock that compresses and heats the ambient
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Figure 6.1: Schematic diagram of a plane-parallel radiative shock
propagating through a homogeneous plasma.
gas which then produce a significant fraction of EUV or soft X-ray photon
field. These photons are produced when the hot, post-shock plasma cools
via free-free, line emission or bound-free processes. The generated photons
can then diffuse both upstream and downstream. Slow moving shocks just
heat the gas, while fast shocks produce a stronger radiation field generating
a harder spectrum. In high velocity shocks, the generated photons diffuse
upstream and encounter the pre-shock gas and produce an extensive high
ionization precursor region in the upstream gas. The structure and emission
spectrum of radiative shocks has been well understood from the early works
of Cox (1972); Dopita (1976, 1977); Raymond (1979).

6.1.1

Structure of Radiative Shocks

Consider a steady, plane-parallel shock wave propagating in through a
homogenous medium at rest characterized by pressure P, density ρ, and shock
velocity u. A schematic of the shock transition is shown in Figure 6.1. The
flow variables in the upstream gas are represented as P0 , ρ0 , and u0 . The
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shock front is the region where there is a sudden discontinuity in the pressure,
density, and velocity. The flow variables after the passage of the shock are P1 ,
ρ1 , and u1 . After the shock front, the gas gets compressed to higher densities
and higher pressure while the velocity drops due to continuity equation. In
strong shocks (> 100 kms–1 ), the gas is able to radiate energy in the postshock region. A radiative region of the shock is divided into zones that can
be thought of as the ionization and cooling history of a cloud of gas as it
travels through a shock wave. Figure 6.2 shows the ionization structure of
the shock region and the precursor region.
1. The ionization zone - This is the region that lies just after the shock
front. Due to the discontinuous temperature jump at the front, the
ionization state of this region increases rapidly towards collisional ionization equilibrium (CIE), a state of dynamic balance between collisional ionization of atoms and ions from the ground state, and the
process of recombination from the higher ionization stages. In CIE, all
the ions are effectively in their ground state. This region has strong
line emission from hydrogen and helium-like ionization stages of C, N,
O, Ne and Mg.
2. The high-temperature radiative zone - It is the dominant contributor
to the EUV and soft X-ray radiation field of the shock. This region
is at high temperature (∼ 106 K) with longer radiative cooling rates.
The plasma is highly ionized and is optically thin to its radiation.
3. The non-equilibrium cooling zone - This is in the post-shock region
and sets in between temperatures of 106 K and 105 K. The cooling
timescales in the plasma becomes shorter and shorter and reaches maximum cooling. The gas is still too hot for recombination, thus the recombination time scale lags behind the local cooling timescale. The gas
remains highly ionized and the collisional line emission is weak. The
gas remains optically thin to the radiation from the previous zone.
4. The supercooled zone - As the hot plasma cools and the temperature
falls to about 104 K, the opacity due to atomic hydrogen increases
rapidly, and the plasma begins to absorb the EUV radiation from the
previous zone and is photoionized.
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5. The photoabsorption zone - Further downstream in the shock structure,
the EUV photons are all used up and hydrogen finally recombines. This
zone is essentially an equilibrium plane-parallel H II region incident by
the downstream EUV radiation field. The density in this zone is a lot
higher than in the pre-ionized region ahead of the shock.

6.1.2

Spectrum of Radiative Shocks

The spectrum of radiative shocks is very similar to that produced by
a plasma cooling under non-CIE conditions. The ionizing radiation in the
cooling zone of a radiative shock is composed of line emission arising from
abundant C, O, and N species, and continuum from thermal bremsstrahlung
process. The strength of the ionizing field scales with shock velocity and
the density, shock velocity being the dominant parameter (L ∝ vs3 n). This

is because, the emission is dominated by bremsstrahlung radiation, whose
strength is determined by the temperature and density of the gas, which
in turn is determined by shock velocity and pre-shock density. Thus, fast
shocks produce harder and more luminous ionizing spectrum

6.1.3

Shock model using MAPPINGS III

MAPPINGS III is a general purpose astrophysical plasma modeling code
developed by Sutherland &Dopita (1993) and further improved by Allen et al.
(2008). It predicts the emission line spectra of medium and low density
nebulae subjected to different forms of ionization. We use the MAPPINGS
III model grids computed for a range of shock velocities from vs = 100 –
1000 km s–1 and magnetic fields ranging from 10–4 to 10.0 μG. The shock
velocity as mentioned in the previous section determines the shape of the
ionizing spectrum while the magnetic field strength controls the effective
ionization parameter of the post-shock recombination zone. We used the
IDL Tool for Emission-line Ratio Analysis (ITERA) (Groves &Allen, 2010)
for generating line ratio diagrams. This tool internally uses the library of
published MAPPINGS III models1 .
1

http://www.ifa.hawaii.edu/ kewley/Mappings/

121

Figure 6.2: The figure shows the ionization structure, temperature profile and density profile of a shock (right panel) and
precursor region (left panel). The approximate positions of the five post-shock zones described in the text are numbered in the
plot on the right panel. The horizontal axis represents the time since the passage of the shock front. The negative values in the
precursor region indicate that the shock is yet to arrive. The model is generated for Z = Z , precursor density nH = 1 cm–3
and shock velocity vs = 500 km s–1 . This figure from Allen et al. (2008) has been replotted here with permission.
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Stellar Photoionization

Young stars can also be a source of ionizing radiation. BCGs in the
cool-core clusters often exhibit bluer optical colors that are not typical of giant elliptical galaxies (e.g. Johnstone et al., 1987; Crawford &Fabian, 1992;
McNamara &O’Connell, 1993; Crawford et al., 1999; Edwards et al., 2007;
O’Dea et al., 2008, 2010; Hicks et al., 2010; Donahue et al., 2010; Wang et al.,
2010; Pipino et al., 2011; Liu et al., 2012; Mittal et al., 2015; Tremblay et al.,
2015; Donahue et al., 2015). Recent star formation is the likely source of the
blue continuum and can be one of the possible agents ionizing the nebular
gas.
We use the ITERA model library and use the stellar ionization model
set from Levesque et al. (2010). It is an updated version of the Kewley
et al. (2001) models and uses the latest version of Starburst99 (Vázquez
&Leitherer, 2005). The model includes both continuous star formation and
instantaneous star burst models. It covers a range of ionization parameter, metallicity and ages. The intensity of the radiation is specified by the
dimensional ionization parameter, q (cm s–1 ). It can be thought of as the
maximum velocity possible for an ionization front driven by the radiation
field and thus, it defines the inner boundary of the nebula. In the model, q
is varied from 5 × 106 to 3 × 108 cm s–1 . This dimensional ionization param-

eter can be converted to the more commonly used dimensionless ionization
parameter U, by the identity U = q/c. U is defined as the ratio of the
number density of photons to the number density of hydrogen atoms. In
the model we used, ionization parameter ‘q’ ranges from 107 to 108 cm s–1
and metallicity from 0.05 to 3 Z . We used the continuous star formation
history with ‘standard’ (STD) mass loss evolutionary tracks of the Geneva
group (Schaller et al., 1992; Schaerer et al., 1993; Charbonnel et al., 1993).

6.3

Photoionization by an AGN

The spectrum of the ionizing radiation field from an AGN can be modeled by a simple power-law given by Fν ∝ να . The spectral index and the
ionization parameter are the two variables that define the AGN models in the
MAPPINGS III grid. Higher ionization parameters increases the ionization
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Figure 6.3: Ionization, density, and temperature structure in a dusty
AGN model. The parameters of the model are U = 10–2 , Z = Z , α = –1.4,
and nH = 1000 cm–3 . This figure from Groves et al. (2004) has been replotted
here with permission.
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state of the nebula while low ionization parameters result in low ionization
species. Like-wise, a change in the spectral index also has significant effect
on the relative strengths of the emission lines. For steeper power-law indices,
the high ionization lines as well as their strengths relative to Balmer lines
become weaker. Figure 6.3 shows the ionization, density and temperature
structure with distance in an AGN dusty model. The model is generated for
U = 10–2 , Z = Z , α = –1.4, and nH = 1000 cm–3 . The point where the
electron density drops and the neutral hydrogen increases is identified as the
ionization front. There is inverse correspondence between the temperature
and hydrogen density. The electron density drops sharply at the ionization
front where hydrogen recombination is balanced by the photoionization.
The spectrum of an AGN can be modeled with a power-law. The spectrum of LINERs is often dominated by low ionization lines such as [N II]
λ6584 and [O I] λ6300 while, high ionization lines such as [O III] λ5007 are
considerably weaker.
The library of AGN models used in ITERA are from (Groves et al.,
2004). The model sets two boundary values for the photon energy (this is
required because of the diverging form of the ionizing field spectrum). The
minimum turn-on energy is at 5 eV and the high energy cut-off is 1 kev.
The power-law index ranges from -1.2 to 2.0. We use a dust free model that
assumes constant density throughout the cloud. The dust-free and dusty
models for low ionization parameter yield similar emission line spectrum but
differ significantly at high ionization parameter.

6.4

UV Diagnostics Diagrams

The emission line spectra contain important clues concerning the mechanism by which the FUV emitting gas is heated in the nebulae. Using the
MAPPINGS III model grid, we investigate the possibility of three heating
sources: shocks, stars and AGN. As mentioned before, fast shocks and powerlaw photoionization are almost indistinguishable with the standard optical
diagnostic line ratios. UV emission lines are better discriminants between
shocks and power-law photoionization because, the UV resonance lines2 are
predicted to be much stronger in shocks than in photoionization models. We
use this property of UV lines and construct UV/UV and UV-optical line
2

Strongly allowed transitions direct to the ground stage are known as resonance lines
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ratio diagrams and compare with the model grids.
To make a model independent comparison and interpret the underlying
sources of ionization in the cooling flow nebulae, we compare the UV/optical
measurements of two nearby Seyfert galaxies - NGC 1068 and NGC 4151.
NGC 1068 is the nearest and brightest Seyfert galaxy and belongs to a class
of Seyfert 2 galaxies whose optical spectrum shows the presence of narrow
forbidden emission lines. Photoionization by the AGN is considered to play
a dominant role in ionizing the gas (Kraemer &Crenshaw, 2000a), while
shocks play an important role in localized regions (Kraemer &Crenshaw,
2000b). NGC 4151 on the other hand is a Seyfert 1.5 galaxy and shows
prominent narrow forbidden lines as well as broad permitted lines in its
optical spectrum.

6.4.1

Stellar Photoionization

UV diagnostics C IV λ1549/Lyα versus He II λ1640/Lyα wherein the
source of ionizing radiation field is from a continuous burst of star formation is shown in Figure 6.4 for electron densities of 100 cm–3 . C IV λ1549
is a result of collisional excitation whereas the He II λ1640 line arises during recombination of a He++ . The C IV λ1549 line intensity is determined
primarily by the ionization structure of the H II region. It increases with
increasing ionization parameter which can be seen in Figure 6.4.
The observed ratios for the nucleus of A2597 is indicated with a square.
Both C IV λ1549 and He II λ1640 are detected in the nuclear region of A2597
while C IV λ1549 is not detected in the filamentary region. He II λ1640 is
however detected at a 4σ level. The marked point for the A2597 filament
is an upper limit to C IV λ1549/Lyα. We also plot line ratios for a galaxy
sample that includes the BCG M87 (off-nucleus region, Dopita et al. (1997)),
and Seyfert galaxies (NGC1068 (Kriss et al., 1992a) and NGC4151 (Kriss
et al., 1992b)) for comparison. Emission line measurements for this sample
are given in Table 6.2. M87 exhibits a LINER-like optical spectrum, while
NGC1068 and NGC4151 exhibit Sy2 and Sy1.5 spectrum respectively. The
observed UV line ratios are too high to be produced by stellar photoionization. The large C IV λ1549 to Lyα ratio observed in these galaxies suggests
that the gas needs to be ionized by a high intensity radiation field.
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Figure 6.4: C IV λ1549/Lyα versus He II λ1640/Lyα diagnostic diagram for stellar photoionization model for different ages and different ionization parameters. The electron density of the gas is chosen to be
100 cm–3 which is in the vicinity of the derived gas densities in A2597 (Voit
&Donahue, 1997). The observed line ratios for the A2597 nucleus are shown
with square symbol. The C IV λ1549 to Lyα ratio for the A2597 filament is
an upper limit since C IV λ1549 was not detected in the filamentary region.
The upper limit is indicated with an arrow. Also plotted are line ratios for
M87, NGC1068, and NGC4151 and represented with circles. The observed
line ratios are larger than the ratios predicted by the stellar photoionization
model.

The line ratios involving Si IV λ1402 and C IV λ1549 relative to Lyα are
shown in Figure 6.5. C IV λ1549 and Si IV λ1402 are both important cooling
lines and commonly trace warm gas at ∼ 105–4.5 K. The only detected line

is C IV λ1549 in the nucleus of A2597. We provide upper limits to the line
ratios for the A2597 filament and for Zw3146. The line ratios for the nucleus
of A2597 are inconsistent with the stellar photoionization model predictions.
Figure 6.6 shows the line diagnostics involving carbon species. The singly
ionized C II λ 1335 traces neutral gas. The stellar photoionization model
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Figure 6.5: Si IV λ1402/Lyα versus C IV λ1549/Lyα diagnostic diagram for stellar photoionization. The model is the same as in Figure
6.4. The line ratios for A2597 nucleus, and filament regions of A2597 and
Zw3146 indicate upper limits. The direction of the upper limit is indicated
with an arrow.
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Figure 6.6: UV C II λ1335/C IV λ1549 and C II λ1335/He II λ1640 line
diagnostics for stellar photoioniation. C II λ1335 traces neutral gas.
This line is not detected in the nucleus of A2597 and hence, the plotted value
of the C II λ1335/C IV λ1549 line ratio is an upper limit. The direction of the
upper and lower limits are indicated with an arrow. Stellar photoionization
model predicts higher C II λ1335 than the observed He II λ1640 or C IV
λ1549.
predicts a stronger CII and fainter C IV λ1549 emission than observed. The
C II line is not detected in the nucleus of A2597 indicating that the gas is
most likely completely ionized in the nucleus. This line however is detected
in the filamentary region of A2597 suggesting warm neutral gas in this region.
In summary, although there is ample evidence of ongoing star formation
in the nebula of A2597 in the form of excess blue continuum, presence of dust
and molecular gas, and star formation rates of several solar masses per year
(O’Dea et al., 2004), stellar photoionization alone is not enough to produce
the observed line ratios in A2597 and a harder ionizing spectrum is required.
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6.4.2

Shock model

As mentioned in the introduction of this Chapter, UV diagnostics are
better able to discriminate between shock and photoionization predictions
compared to optical diagnostics. The relative intensities of UV lines are predicted to be much stronger in shocks than in stellar photoionization models.
Fast moving shocks (∼ 500 km s–1 ) can collisionally ionize the gas to emit C
IV λ1549, C III λ977, N III λ991 lines at a temperature of ∼ 105 K. We use
the shock model grids developed by Allen et al. (2008) through the ITERA
library. The model grid covered a range of velocities, densities, and magnetic
field, and assumes a solar abundance.
The shock only model runs for C IV λ1549/Lyα versus He II λ1640/Lyα
line diagnostics for A2597 are shown in the Figure 6.7. The plots are made
for four different electron densities 1, 10, 100 and 1000 cm–3 . The plot shows
that the line ratios are strong functions of the shock velocity. The strength
of He II λ1640 line to Lyα increases with shock velocity upto ∼ 500kms–1 .

Beyond these high velocities, both C IV λ1549 and He II λ1640 line strength

relative to Lyα decreases. With increasing electron density, an increased radiative flux of the shocks can be produced at lower shock velocities.
Figure 6.8 shows upper limits to the line ratios of Si IV λ1402 and C
IV λ1549 relative to Lyα. The model is chosen for an electron density of 100
cm–3 as this is close to the previously estimated densities (Voit &Donahue,
1997) in A2597. There is little variation of Si IV λ1402/Lyα ratio over the
velocity range.
Similar to Figure 6.6, Figure 6.9 shows the line ratios involving carbon
lines C II λ1335/C IV λ1549 vs C II λ1335/He II λ1640 for the shock only
model. We plot the upper limits to C II λ1335 ratios for the nucleus of
A2597. The shock only model produces values of C II λ1335/He II λ1640
line ratio consistent with the observed line ratio in the A2597 filament.

6.4.3

AGN photoionization

Figure 6.10 shows the predicted C IV λ1549/Lyα vs He II λ1640/Lyα line
ratios for AGN photoionization model. The model is selected for solar abundance and an electron density of 100 cm–3 . The emission is a strong function
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Figure 6.7: Line ratio diagram of CIVλ1550/Lyα vs HeIIλ1640/Lyα for the shock only ionizing source model for electron
densities of 1, 10, 100 and 1000 cm–3 , a metallicity of 1Z and for varying shock velocity and magnetic field (B).
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Figure 6.8: UV-UV diagnostic line diagram for Si IV λ1402 and C
IV λ1549 relative to Lyα in the shock only model for ne = 100 cm–3 .
Si IV is not detected in A2597 and in Zw3146, thus the marked points give
an upper limit to the Si IV/Lyα ratio. The direction of the upper limit is
indicated with an arrow. CIV is detected only in the nucleus of A2597.
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Figure 6.9: C II λ1335/C IV λ1549 vs C II λ1335/He II λ1640 line ratio
diagram for the shock only model for ne = 100 cm–3 . C II λ1335 is
detected in the filament of A2597 while, it is not detected in the nucleus of
A2597. The marked point is an upper limit for the nucleus of A2597. The
direction of the upper limit is indicated with an arrow.
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of both the ionization parameter and the ionizing continuum spectral index.
The C IV λ1549 line strength increases with an increase in the ionization
parameter and reaches a maximum. Beyond an ionization parameter of ∼

0.1, the ionizing radiation becomes harder and the ionization balance shifts
to higher ionization stages, thereby decreasing the C IV λ1549 line strength
relative to Lyα. Line ratios for the nucleus and filament of A2597 is plotted
together with the values from BCG M87, and Seyfert galaxies NGC1068 and
NGC4151 for comparison. The He II λ1640 to Lyα ratio observed in A2597
is lower than that observed in other galaxies.
Optical line ratios in the LINERs are well reproduced by models with
ionization parameter logU ∼ –3.5 and a power-law index of α ∼ –1.5. Such

low ionization parameter although is enough to produce optical LINER spectrum, it fails to account for the strong C IV λ1549 UV line emission. This
is because, for a low ionization parameter, the there are too few photons to
significantly ionize UV lines such as C IV λ1549. The observed line ratios for
A2597 are lower and inconsistent with AGN photoionization. The strength
of He II λ1640 relative to Lyα observed in the two Seyfert galaxies is higher
than predicted by the model. This suggests that if the UV lines are due to
a power-law continuum, it requires a spectrum with a higher spectral index.
M87, although is a LINER-like AGN, seems to indicate a higher line ratio
than A2597.

6.4.4

Comparison between the models

A comparison between AGN photoionization and shock model for the
UV/UV and UV/optical line ratios is shown in Figures 6.11 and 6.12. It
demonstrates the ability of the UV diagnostics to disentangle various ionization models.
Shock vs AGN Photoionization
Figure 6.11 shows the C IV λ1549/Lyα vs He II λ1640/Lyα line ratios for
the AGN photoionization and shock only model. Power-law photoionization
spectrum produces stronger He II λ1640 line relative to the Lyα than is observed in A2597, while these are consistent with a shock only model. While
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Figure 6.10: AGN model predictions for CIV/Lyα vs HeII/Lyα line
ratios. The observed line ratios for the nucleus and filament of A2597 is
indicated with a square and diamond symbol respectively. An upper limit
on the C IV λ1549/Lyα for the A2597 filament is plotted and the direction of
the arrow indicates the direction of the upper limit. Line ratios observed for
BCG M87, NGC1068 and NGC4151 are also plotted (obtained from Dopita
et al. (1997); Kriss et al. (1992a,b) respectively). The observed He II λ1640
for A2597 is less than that of the AGN model predictions.
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Figure 6.11: UV/UV diagnostic diagram for AGN photoionization
and shock only model. The models are plotted for electron density of
100 cm–3 . Shock model is consistent with these UV/UV line ratios for the
nucleus of A2597.
it is known that the optical spectrum in Seyferts typically require ionization
parameters U = 10–2 – 10–3 and an ionizing continuum with spectral index
α ∼ –1.5 (Ho et al., 1993), AGN photoionization model alone however is

unable to account for the strong UV line ratios. There is an underestimate
of the He II λ1640/Lyα in the model than is observed in the Seyfert galax-

ies. This is likely due to the solar abundance dust-free conditions that are
adopted in the model, while Seyferts have a higher concentration of dust
and non-solar elemental abundance (e.g., Netzer &Turner, 1997). It is also
possible that there is an additional contribution possibly from shocks arising
through jet-cloud interaction (Kraemer &Crenshaw, 2000b). The observed
UV line ratios in M87 are reproduced by the photoionization models.
Shock vs AGN vs Stellar photoionization model
Figure 6.12 shows UV-optical (OIII 5006/Hβ vs C IV λ1549/He II λ1640)
diagnostic diagram for stellar photoionization model, shock model, and AGN
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Figure 6.12: UV-optical diagnostic diagram for shock, stellar photoionization, and AGN photoionization model for ne = 100cm–3 .
Optical fluxes for A2597 are obtained from Voit &Donahue (1997). The plot
is a clear example of the use of UV lines together with optical lines to resolve
the degeneracy between the shock and AGN ionization models.
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photoionization. He II λ1640 is often used as a standard reference line at
UV wavelengths much like the Hβ in the optical. The observed line ratios
for A2597 nucleus, M87, and NGC 1068 are over plotted. In the Seyfert
galaxy NGC 1068, although AGN photoionization model is unable to reproduce some of the observed strong UV/UV line ratios, its predictions for the
UV-optical line ratios match the observations but require a higher ionization
parameter U ∼ –1.0, an order of magnitude higher than required to reproduce optical line ratios alone. In the BCGs A2597 and M87, photoionization

by AGN cannot reproduce the emission line intensity ratios, while the shock
only model is able to clearly predict the observed UV as well as optical line
ratio simultaneously. Note that, although single-zone photoionization model
fails to produce stronger UV lines, two-component models which combine
matter-bound component and an ionization-bound component are found to
produce relatively strong UV lines in combination with a low ionization
parameter (Allen et al., 1998). Stellar photoionization model trace lower
UV/optical line ratio. AGN continuum is able to predict CII λ1335 to Lyα
ratio in A2597 as shown in Figure 6.13.
AGN vs Shock+Precursor model
Fast radiative shocks are a powerful source of ionizing radiation. The
EUV photons produced in the post-shock region can diffuse upstream and
generate an extensive precursor H II region. A shock with precursor model
can thus be considered as a hybrid model wherein the gas gets collisionally
ionized by shocks as well as photoionized by the EUV photon field. We show
in Figure 6.14 UV-optical line ratios for AGN and shock+precursor model
and compare it with the observed line ratios for A2597, M87, and NGC
1068. The shock+precursor model for high magnetic parameters and high
shock velocities overlap with the AGN photoionization. Shock with precursor
model produces a harder spectrum of ionizing photons thereby producing a
higher [OIII]/Hβ ratio which is not observed in A2597 or in M87.
Figure 6.15 shows CIV/Lyα and HeII/Lyα predictions for different shock
velocities. As the shock velocity increases, the shock begins to collisionally
ionize C IV λ1549 resulting in a rapid increase in the C IV λ1549 flux. The
shock model is able to reproduce the observed line ratios for the nucleus
of A2597 in the velocity range of 550-650 kms–1 . This is a factor of two
higher than that estimated in O’Dea et al. (2004). AGN jets can transfer its
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Figure 6.13: Predicted CIV and CII lines relative to Lyα using AGN
model and shock only model. The shock only model is run for varying
shock velocities and magnetic field while the AGN photoionization model
for varying ionization parameter and spectral index. C II λ1335 is detected
in the A2597 filament while C IV λ1549 is detected in the A2597 nucleus.
We place upper limits to the undetected emission lines. The direction of the
upper limit is indicated with an arrow.
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Figure 6.14: UV-optical line ratio diagram with AGN and shock+precursor
model grid and observed data points of A2597, M87, and NGC 1068.
The NGC 1068 data point lies closer to the region of both AGN and
shock+precursor model while M87 and A2597 data points clearly are not.
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Figure 6.15: Prediction of the C IV λ1549/Lyα and He II
λ1640/Lyalpha ratio for different shock velocities for a shock only
model and its comparison to observations. The solid lines are model
predictions while the dashed and dotted lines are observations. The dashed
blue and red lines are the C IV λ1549/Lyα and He II λ1640/Lyα ratios respectively for the nucleus of A2597. The shaded gray region is the uncertainty
in the line ratios for the nucleus of A2597. Fast shocks are needed to predict
the observed line ratios in A2597. The red dotted line is the upper limit to
the C IV λ1549/Lyα ratio for Zw3146.
mechanical energy into the surrounding region producing shocks that can in
turn collisionally excite the plasma.
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Summary

Although the properties of the cooling flow filaments in the BCGs are
well understood, the nature of excitation mechanism have thus far been controversial. The LINER-like characteristics seen in the optical spectrum of the
BCGs support the idea of gas being photoionized by a power-law spectrum
with a low-ionization parameter. But the idea that the gas may be collisionally excited by shocks has also been suggested (e.g. Dopita et al., 1997,
1996). The distinction between shock excitation and photoionization can be
determined using the UV spectrum. The FUV lines are in principle effective diagnostics to distinguish between shock and photoionization processes,
as shocks can radiate these lines much more efficiently than photoionized
gas. Hence, we compare the observed FUV emission lines obtained using the
HST COS with the model predictions from different ionizing sources, namely
shocks, stars, and AGN. We use Mappings III ionization code to model the
ionizing radiation field and ITERA for plotting the line ratios. The FUV
line of special interest is the C IV λ1549 line as there are large differences in
the shock and photoionization model predictions for the strength of the C
IV λ1549 line relative to optical lines.
A summary of the UV diagnostic line ratios for the A2597 and Zw3146
regions is presented in Table 6.1. In Tables 6.3 and 6.4, we comment on
whether the model predictions have been either consistent or inconsistent
with the observed line ratios in the nuclear and off-nuclear regions of A2597.
In the case of Zw3146, except for Lyα, no other line has been detected. The
observed upper limits of the line ratios for the Zw3146 are such that they
can move towards or away from the models and thus no comment can be
made about the line ratios being consistent or inconsistent with the models.
From the results thus far, we see that in the nucleus of A2597, shock
model predictions with electron density ne > 100 cm–3 and with shock velocities vs ∼ 500 – 700 km s–1 , are consistent with the observed UV line

ratios. However, it predicts a higher C II λ1335/Lyα than the upper limit
that we measure. Photoionization due to stars predicts a lower UV/UV line
ratios than observed. Ordinary O-type stars do not produce sufficient EUV
photons to account for the observed emission lines. Excitation of the ion-
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ized gas by the central AGN model although predicts the observed C IV
λ1549/Lyα, it requires higher ionization parameter of logU ∼ –1.0. LINERs

have logU ∼ –3.5 (Ferland &Netzer, 1983; Groves et al., 2004) which typi-

cally is consistent with the optical ratios. The AGN model also over predicts
the He II λ1640/Lyα.

In the off-nuclear filamentary region of A2597, we detect singly ionized
carbon, but C IV λ1549 remains undetected suggesting a low ionization state
of this region. Ionizing photons from an AGN although predict the observed
C II λ1335/Lyα, it over predicts the He II λ1640/Lyα.
In general, we notice that there is no one single model that reproduces
all the emission-line properties and provide a satisfactory explanation for
the ionization state of the BCGs. However, photoionization by stars can be
confidently ruled out as the dominant source of ionizing radiation. Although
earlier works (e.g. O’Dea et al., 2004, 2010) suggested that hot stars provide
a significant fraction of ionizing EUV photons that can ionize the nebula,
from the UV diagnostics we see that a stellar model alone cannot reproduce
the observed UV line ratios as it lacks the high energy photons needed to
ionize the gas. Shocks seem to explain both the UV and optical line ratios
in the A2597 nucleus while AGN photoionization cannot. The optical spectrum of A2597 exhibits LINER-like characteristics with a very low ionization
parameter. As a consequence, the ionization states are too low to produce
strong UV lines. To further support our idea that A2597 may not be photoionized by an AGN, we compare it with the narrow line regions in Seyfert
galaxies. Seyfert galaxy NGC 1068, hosting a bright AGN, clearly occupies
the parameter space in the UV-optical diagnostics that is modeled by AGN
photoionization. While, the BCGs A2597 and M87, fall outside the region
modeled by an AGN. Zw3146 on the other hand is a starburst galaxy and
does not host a bright AGN, ruling out the possibility of gas being photoionized by an AGN. The nuclear region of A2597 is almost certainly excited by
shocks, similar to M87. Further study is need to understand the origin of the
shocks. We speculate that jets from the AGN are shock heating the filaments
of A2597 as suggested in (O’Dea et al., 2004). This is supported with the
UV and radio observations of the filaments that show UV emission tracing
the edges of radio lobes. Non-detections of several important diagnostics
143

6.5 Summary

in the filamentary region of A2597, however fail to provide strong evidence
for shock heating. It is also possible that may be a hybrid mechanism with
a combination of different heating mechanism are acting in these regions.
We have not explored other heating/ionizing mechanisms such as cosmic-ray
heating, and thermal conduction in this work. However, these topics will be
investigated in future study.
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A2597
Nucleus
< –2.39
< –2.42
–1.84
–1.84
< –0.55
< –0.43

Line
ratio
C II λ1335/Lyα
Si IV λ1402/Lyα
C IV λ1549/Lyα
He II λ1640/Lyα
C II λ1335/C IV λ1549
C II λ1335/He II λ1640

–2.54
< –2.3
< –2.03
–2.03
< –0.51
< –0.6

A2597
Filament
< –1.52
< –1.5
< –0.91
—
< –0.61
—

Zw3146
OFF-Nucleus

Table 6.1. Summary of the UV diagnostic emission line ratios of A2597
and Zw3146
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et al. (1992a)
et al. (1992b)

c Kriss

et al. (1997)

1.018 ± 0.041
0.397 ± 0.03
0.214 ± 0.016
-

16000 ± 1200
2100 ± 780
1800 ± 310
-

Flux (10–15 erg s–1 cm–2 )
NGC 1068b
NGC 4151c

1838 ± 330
364 ± 90
114 ± 13
100 ± 7
179 ± 9

M87a

b Kriss

a Dopita

Lyα
C IV λ1549
He II λ1640
Hβ
OIII5007

Emission Line
λ

Table 6.2. Emission line measurements for sample galaxies
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< –2.39
< –2.42
–1.84
–1.84
< –0.55
< –0.43

C II λ1335/Lyα
Si IV λ1402/Lyα
C IV λ1549/Lyα
He II λ1640/Lyα
C II λ1335/C IV λ1549
C II λ1335/He II λ1640

I
I
I
I

Stars
C
I
-

AGN
I
C
C
C
C

Shocks

Note. — (1)- UV Diagnostic emission line ratio; (2) Ratio of the
emission lines for the nuleus of A2597; (3) Stellar photoionization
model consistent (C) or inconsistent (I) with the observations; (3)
AGN model consistent (C) or inconsistent (I) with the observations;
(4) Shock only model consistent (C) or inconsistent (I) with the observations. Cells marked with a ‘-’ indicate that it is not possible to
asses the results because of the upper/lower limits in non-detection.

A2597 Nucleus

Diagnostic Line Ratio

Table 6.3. UV diagnostic emission line ratios of A2597 Nucleus and
comparison with photoionization models.
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< –2.54
< –2.3
< –2.03
–2.03
> –0.51
–0.6

C II λ1335/Lyα
Si IV λ1402/Lyα
C IV λ1549/Lyα
He II λ1640/Lyα
C II λ1335/C IV λ1549
C II λ1335/He II λ1640

I
I

Stars
(3)
C
I
I
-

AGN
(4)
I
C
C

Shocks
(5)

Note. — (1)- UV Diagnostic emission line ratio; (2) Ratio of the
emission lines for the filament of A2597; (3) Stellar photoionization
model consistent (C) or inconsistent (I) with the observations; (3)
AGN model consistent (C) or inconsistent (I) with the observations;
(4) Shock only model consistent (C) or inconsistent (I) with the observations. Cells marked with a ‘-’ indicate that it is not possible to
asses the results because of the upper/lower limits in non-detections.

A2597 Filament
(2)

Diagnostic Line Ratio
(1)

Table 6.4. UV diagnostic emission line ratios of the filament of A2597 and
comparison with photoionization models.
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CHAPTER

7
FINALE

A great accomplishment shouldn’t be the
end of the road, just the starting point for
the next leap forward.
Harvey Mackay

In this dissertation, we present our investigation on the aspects of galaxy
growth in the local universe amidst several heating and cooling sources. We
conducted two independent studies – one focussed on galaxy-scale structures
within the local universe and the other on large scale galaxy clusters, in the
context of gas supply, regulation of star formation, and heating/cooling of
the gas in the galaxy and ambient environment. In this chapter, we present
a summary of this research, its results and discuss related future work.

7.1

AGN activity and star formation in the galaxies
in the local Universe

AGNs are now widely accepted as an important source regulating the star
formation in a galaxy. Its direct evidence is found in the brightest cluster
galaxies showing clear spatial anti-correlation between the radio emission
and X-ray cavities, suggesting the excavation of ambient gas by the radio
plasma from the central engine. While a wide range of observational and
theoretical studies point to a connection between AGN activity and star
formation, a clear understanding of this complex-interplay remains elusive.
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Our study focusses on improving our understanding of this interplay in the
nearby Universe in galaxies that are not in cluster environment. In particular
the question that we are trying to address is “How common AGN feedback
is in typical early type galaxies in the local Universe?" and “How does AGN
activity affect star formation in these galaxies?"
Chapter 2 introduces the galaxy dataset that has been used for this
study. A magnitude limited (mk < 13.5) early type galaxies at low redshift
(z < 0.04) and that have Chandra X-ray observations are used for this study.
These galaxies are studied in the far-UV, IR (3.4, 4.6, 12, and 22 μm), and
in the radio (1.4 GHz) to investigate the star formation and AGN activity.
Detailed aperture photometry technique developed to retrieve fluxes of these
galaxies is also presented.
Chapter 3 and 4 delve into understanding the properties of the galaxies
in the dataset and its implications on the relation between AGN activity
and star formation. As with early type galaxies, we do not see elevated star
formation rates and a majority of the galaxies have star formation rates less
than 0.1 M yr–1 . A very small subset (∼ 7%) of galaxies however, show
indications of star formation in the form of excess far-UV and excess mid-IR
emission. Some of these star-forming galaxies are merger remnants, while
the origin of star formation in the rest of this subset is unknown. These
star-forming galaxies consistently have lower radio power (< 1021 WHz–1 ).
The radio-MIR correlation observed in these star-forming subset galaxies is
indicative of stellar-origin of the radio emission, i.e., the radio power is the
synchrotron emission from young stars going supernova (and not an AGN).
An interesting relation is observed (in tandem with earlier observations
(Hummel et al., 1983; Heckman, 1983; Feretti et al., 1984; Sadler, 1987; Calvani et al., 1989; Brown et al., 2011)) between the radio power of the galaxy
and its mass. Recall that, in this work, galaxies with radio power brighter
than 1022 WHz–1 are identified as ‘radio bright’and ‘radio faint’ otherwise.
Less massive galaxies do not seem to be hosts to radio bright sources. They
are almost always found in massive galaxies. A galaxy has to be sufficiently
massive to host a radio powerful source. It is to be recollected that, there
are also other properties (such as accretion rate, SBH spin) that govern how
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powerful an AGN can grow.
If AGN feedback is in action, one would naively expect the efficiency of
star formation and thus galaxy growth to be affected considerably by the
kinetic power/radiation pressure from the AGN. The results of this work
however indicate that there is no correspondence between the star formation
efficiency (determined by the sSFR) and AGN dominance (determined by
the radio power), and the star formation efficiency is independent of radio
power in our dataset. Within both the populations of radio bright and radio faint galaxies, we find similar distribution of star forming galaxies. In
other words, the fraction of star forming galaxies in radio bright galaxies is
similar to the fraction of star forming galaxies in radio faint galaxies. This
is consistent with the lack of evidence for significant AGN feedback.
Insignificant AGN feedback can be attributed to several factors. Galaxies
in our dataset show that they are not experiencing significant galaxy growth
and are also not powerful radio sources. These indicate a small supply of gas
insufficient for triggering high star formation and power nuclear accretion.
A correlation of star formation rate and radio power with the galaxy mass
suggest an origin of gas supply for both the AGN and star formation that
is internal to (e.g., stellar mass-loss or cooling flow) rather than an external
origin such as major galaxy mergers. Indeed, galaxy mergers show diminishing contribution to galaxy growth at lower redshifts (e.g., Patton et al.,
2002; Bundy et al., 2004; Lutz, 2014). Although the correlation between the
star formation and radio power is significant, it comes with a large dispersion suggesting complexity in their growth. Their growth depends not only
the gas supply but also on other processes such as gas transport mechanism,
black hole spin, black hole mass, and external environment (Baum et al.,
1995; Meier, 1999; Wold et al., 2007).
We extend our study to incorporate massive and large scale systems,
namely galaxy clusters. We observe that the trend between the radio power
and the star formation rate extends from weak radio power galaxies to more
radio powerful galaxies residing in clusters. Galaxies in clusters, and galaxies
not residing in clusters show distinct locations on the radio power-SFR plane,
with BCGs occupying the region of higher radio power and star formation,
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while radio power and star formation rate both are constrained to be low in
typical early type galaxies. We suggest that there may be a threshold in the
radio power (∼ 1024 WHz–1 ) that is needed for a considerable effect of AGN
feedback on the star formation.

7.1.1

Caveats

Although the results suggest that AGNs are unlikely to play a significant
role in regulating the star formation, there are some factors that have not
been taken into consideration in this study.
AGN Duty Cycle The duty cycle of an AGN can have important implications for its ability to regulate star formation. Duty cycle is the fraction
of time an AGN is active. AGN lifetimes are typically much shorter (a few
107 yr (Alexander &Leahy, 1987; Shabala et al., 2008)) compared to the duration of star formation (> 1 Gyr (Hickox et al., 2014)). This indicates that
an AGN can appear for several dynamical time-scales during the star formation episode and we are probably looking at an episode of this feedback. A
time-averaged effect of recurrent AGN activity may be a more efficient way
to look at the relation between AGN activity and star formation.

7.2

Heating of the residual cooling gas in galaxy
clusters

From our comparison study of typical early type galaxies to the BCGs,
we see that the efficiency of star formation and radio power are higher in the
BCG sample. This suggests that although AGN feedback is likely present in
the BCGs, it is not sufficient to completely suppress star formation (O’Dea
et al., 2008; Tremblay et al., 2015), resulting in residual cooling of gas in the
clusters that manifests itself into embedded filamentary nebular emission.
Study of these nebular emission forms the basis of our study in Chapters 5
and 6. These nebulae are observed in a class of galaxy clusters identified as
cool-core clusters and have shorter cooling time than the Hubble time. There
is copious amounts of gas in these nebulae, which however fails to cool to
the expected star formation rates. This together with higher emission line
luminosities that do not match with simple gas cooling model suggest an
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additional non-gravitational heating source. With the aim to throw light on
this unknown heating source, we study the BCGs of two cool-core clusters
A2597 and Zw3146 in the FUV using the COS on board HST. The question
we try to address here is "What is the source of ionization and/or heating in
the cooling flow filaments of cool-core galaxy clusters".
In Chapter 5, we presented the HST COS FUV observations of two coolcore clusters A2597 (nucleus and off-nucleus region) and Zw3146 (off-nucleus
region) and describe the emission line fitting procedure to obtain the line
fluxes for the detected lines.
FUV harbors some of the most robust spectral diagnostics capable of
discriminating between various heating/ionization models. In Chapter 6, we
examine shock heating, AGN photoionization, and stellar photoionization as
possible mechanisms to produce the warm 105 K gas emitting in the FUV.
FUV diagnostics are powerful in breaking the degeneracy between these heating models as opposed to optical diagnostics. We compare the FUV emission
line ratios with the model predictions from MAPPINGS III ionization code,
and comment on each of these processes. Using the observed UV line ratios
(such as C IV λ1549/Lyα and He II λ1640/Lyα), we confidently rule out contribution from stellar photoionization. Although the emission line nebulae
are associated with star formation, photoionization by young stars alone is
not sufficient enough to ionize the nebula to emit in the UV. A comparison
of the UV/optical line ratios with typical Seyfert galaxies also rules out photoionization by an AGN. We speculate that the main ionization source of
the gas is due to shocks possibly driven by jets from the AGN.
We wish to note that hybrid mechanisms with a combination of heating
models is another way to explore the source of ionization. There are several other heating models such as cosmic-ray heating, thermal conduction,
bremsstrahlung photoionization that have not been discussed in this study.
However, these will be addressed in the future work.

7.3

Future Work

In the study of AGN feedback, as indicated in the caveat, AGN duty
cycle can be a factor affecting the nature of feedback in the galaxy. Stud153
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ies on the time-averaged mechanical energy of AGN remain inconclusive on
the effect of AGN activity on star formation (e.g. Best et al., 2006; Kaviraj
et al., 2014; Hickox et al., 2014) within BCGs and normal ellipticals. We
wish to address this issue in the future by looking into the radio relics of a
AGN activity. Spectral and dynamical ages of the radio lobes can be used
to get constraints on the duty-cycle of an AGN which can be further used to
address its effect on the global star formation in early type galaxies in the
local Universe.
In the study of cool-core clusters, so far, we have touched on the aspects of heating through shocks, ionizing photons from stars and AGN. In
the future we shall explore other heating mechanisms and obtain important
spectroscopic constraints on these mechanisms. Thermal conduction has
long been argued to be a dominating role in linking the cold optically emitting filaments and the surrounding hot gas. Detection of C IV λ1549 and
He II λ1640 in the filaments of M87 has been suggestive of electron thermal
conduction (Sparks et al., 2012). Similarly, strong arguments exists in support of cosmic ray heating model (Mittal et al., 2011; Donahue et al., 2011;
Johnstone et al., 2012). Detection of collisionally excited neutral carbon is
an important test for this promising model. C I λ1656 is undetected in both
the A2597 and Zw3146 clusters. The upper limit on the C I λ1656 flux in
the nucleus and off-nucleus region of A2597 is 0.7 × 10–15 erg s–1 cm–2 and
0.2 × 10–15 erg s–1 cm–2 respectively. In the future we will explore what this

means in terms of the parameters of the cosmic ray model. Non-detection
of C IV λ1549 and detection of He II λ1640 in the filaments of A2597 and

its implications on the properties of the thermal conduction model will be
looked into in the future using modeling technique.
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